The root-associated microbiome and agricultural nitrogen use efficiency by Wattenburger, Cassandra
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2017
The root-associated microbiome and agricultural
nitrogen use efficiency
Cassandra Wattenburger
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Microbiology Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Wattenburger, Cassandra, "The root-associated microbiome and agricultural nitrogen use efficiency" (2017). Graduate Theses and
Dissertations. 17354.
https://lib.dr.iastate.edu/etd/17354
 
The root-associated microbiome and agricultural nitrogen use efficiency 
 
 
by 
 
 
Cassandra J. Wattenburger 
 
 
 
 
A thesis submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
MASTER OF SCIENCE 
 
 
Major: Microbiology 
 
Program of Study Committee: 
Larry Halverson, Major Professor 
Kirsten Hofmockel 
Michael Castellano 
 
 
 
The student author, whose presentation of the scholarship herein was approved by the 
program of study committee, is solely responsible for the content of this thesis. The 
Graduate College will ensure this thesis is globally accessible and will not permit 
alterations after a degree is conferred. 
 
 
Iowa State University 
 
Ames, Iowa 
 
2017 
 
 
 
 
 
 
Copyright © Cassandra J. Wattenburger, 2017. All rights reserved.
ii 
 
TABLE OF CONTENTS 
        Page 
LIST OF TABLES ..................................................................................................... iii 
LIST OF FIGURES ................................................................................................... iv 
ACKNOWLEDGMENTS ......................................................................................... v 
ABSTRACT ............................................................................................................... vi 
CHAPTER 1  GENERAL INTRODUCTION ....................................................... 1 
 
CHAPTER 2  MAIZE DEVELOPMENT DIFFERENTIALLY  
   AFFECTS RHIZOPLANE PROKARYOTIC AND  
   FUNGAL COMMUNITIES IN TWO CONTRASTING  
   AGROECOSYSTEMS ................................................................... 5 
 
CHAPTER 3 THE RHIZOSPHERE AND SOIL MANAGEMENT,  
   BUT NOT ARBUSCULAR MYCORRHIZAE, AFFECT  
   AMMONIA-OXIDIZING ARCHAEA AND BACTERIA  
   ABUNDANCES IN TWO AGRICULTURAL SOILS .................. 43 
 
CHAPTER 4  SUMMARY AND CONCLUSIONS ............................................. 66 
 
REFERENCES .......................................................................................................... 68 
APPENDIX A: AMMONIA OXIDIZER POPULATION SIZES AND  
CUMULATIVE AMMONIUM AND NITRATE MEASUREMENTS ................... 83 
 
APPENDIX B: EFFECTS OF ARBUSCULAR MYCCORHIZAE ON  
PROKARYOTIC AND FUNGAL COMMUNITY COMPOSITION ...................... 87 
 
iii 
 
LIST OF TABLES 
Page 
Table 2.1. Agricultural management of the Marsden site during  
 the 2016 growing season and previous years ....................................................... 29 
 
Table 2.2. Permutational analysis of variance of β diversity ..................................... 29 
 
Table 2.3. Significance of β diversity between root-proximities ............................... 30 
 
Table 2.4. Significance of β diversity between consecutive time points ................... 30 
 
Table S2.1. Summary of maize properties at sampling time points .......................... 37 
 
Table S2.2. Mock community sequencing results ..................................................... 37 
 
Table S2.3. Differentially abundant OTUs between cropping systems ..................... 38 
 
Table S2.4. Bulk soil chemical properties at each time point .................................... 39 
 
Table S2.5. Statistical significance of bulk soil properties ........................................ 39 
 
Table 3.1. AMF colonization and plant properties .................................................... 61 
 
Table 3.2. Soil properties before and after experiment .............................................. 61 
 
Table B1. Permutational analysis of variance of β diversity ..................................... 89 
 
Table B2. Additional Soil Properties Before and After Experiment ......................... 90 
 
Table B3. Statistics of Additional Soil Properties ..................................................... 90 
 
  
iv 
 
LIST OF FIGURES 
Page 
Figure 2.1. Relative abundance of phyla in each treatment ....................................... 31 
Figure 2.2. Richness and Shannon’s diversity over time ........................................... 32 
Figure 2.3. NMDS ordinations of microbial communities ........................................ 33 
 
Figure 2.4. NMDS ordinations of root proximity and time point interactions .......... 34 
 
Figure 2.5. Number of differentially abundant species between  
  cropping systems in the bulk soil, rhizosphere soil, and rhizoplane .............. 35 
 
Figure 2.6. Family-level differential abundance between  
 rhizoplanes of differing cropping systems at each time point ............................. 36 
 
Figure S2.1. α diversity of prokaryotic and fungal communities  
 over maize development in two agricultural systems .......................................... 40 
 
Figure S2.2. Averaged relative abundance of prokaryotic and fungal phyla ............. 41 
 
Figure S2.3. Differential abundance of fungal OTUs between bulk soils  
 of the conventional and diversified cropping systems ......................................... 42 
 
Figure 3.1. AMF biomass as determined by PLFA FAME ....................................... 62 
 
Figure 3.2. Side-by-side comparison of bulk soil ammonium and  
 nitrate concentrations immediately before set-up of the experiment  
 and immediately after harvest .............................................................................. 63 
 
Figure 3.3. Ammonia oxidizer abundance in bulk and rhizosphere  
 soils as determined by qPCR of the amoA gene .................................................. 64 
 
Figure 3.4. Theoretical model of AMF interactions with AO in N rich soils ............ 65 
 
Figure A1. Ammonia oxidizer abundance in field bulk and rhizosphere  
 soil as quantified qPCR ........................................................................................ 85 
 
Figure A2. Accumulation of ammonium and nitrate over a one-week  
 burial period as measured by PRS cation and anion probes ................................ 86 
 
Figure B1. PCoA ordinations of AMF effect on microbial community .................... 89 
 
v 
 
ACKNOWLEDGEMENTS 
I am deeply grateful to my major professor, Larry Halverson, for accepting me into his 
lab and for his advice and support throughout my degree. I am equally thankful to my co-
advisor, Kirsten Hofmockel, for recruiting me to Iowa State University and for advising 
and encouraging me from afar. Many thanks to Michael Castellano for his advice and 
support in this research as well. The third chapter of this dissertation would not have been 
possible without help from Thomas Brutnell and Quan Zhang, who kindly provided the 
maize mutant and wild type maize seeds developed in their lab. I am thankful to Jessica 
Gutknecht for hosting me in her lab and teaching me the PLFA FAME method, as well as 
her contributions to the data analysis. Funding for this research was provided by the 
United States Department of Agriculture, Agriculture and Food Research Initiative 
program (grant no. 2014-67019-21628) and internal funding from the University of 
Minnesota. Many thanks to Guillaume Bay and Chiliang Chen for their advice and 
technical assistance. I also thank the undergraduate researchers Mia Bashich, Gregory 
Watson, Brandon Ritland, and Alyssa Nease for their efforts in sample collection and 
processing. Racheal Erb and Elizabeth Bach were a constant source of advice throughout 
my degree, for which I cannot thank them enough. Last, but certainly not least, I am 
deeply grateful to my significant other and my family for their love, support, and 
bewildering acceptance of the amount of time that I have spent (and plan to spend) in 
academia. 
  
vi 
 
ABSTRACT 
Agricultural nitrogen (N) waste is a serious problem that causes many environmental 
issues. Plant roots and microorganisms work in synchrony; roots exude carbon which 
fuels the metabolism of microorganisms, and microbes in turn increase N availability 
near the root that both plants and microbes can use. There is mounting interest in taking 
advantage of this interaction to better couple N availability with crop demand. This thesis 
explores questions regarding how plant roots and agricultural management interact to 
affect the root microbiome, with implications for soil N retention. We compared two 
cropping systems at the Marsden experimental farm: conventional (two-year rotation, 
inorganic fertilization) and diversified (four-year rotation, manure inputs). Chapter 2 
investigates how maize development and agricultural management interact to shape the 
root-associated community. We used next-generation amplicon sequencing to assess the 
prokaryotic and fungal communities at four points in maize development corresponding 
to high or low predicted plant N demand in both cropping systems. We found that 
prokaryotic and fungal communities follow different patterns of assembly in relation to 
maize development. Additionally, roots in the diversified system hosted a bacterial 
community better suited to complex C decomposition at a period of high predicted N 
demand, implicating better coupling of N mineralization in the soil to plant demand. 
Chapter 3 examines competition between arbuscular mycorrhizal fungi (AMF), 
symbionts that help roots absorb nutrients from the soil, and ammonia-oxidizing (AO) 
bacteria and archaea (AOB, AOA), which mediate ammonium conversion to nitrate. 
Competition between these groups for ammonium may reduce AO abundance and hence 
nitrate leaching from soil. We used quantitative PCR to assess the abundances of AOB 
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and AOA in the bulk and rhizosphere soils of the conventional and diversified systems, 
planted with AMF deficient or AMF proficient maize genotypes. We found that the 
impact of AMF on the population sizes of AOB and AOA in N-rich agricultural soils is 
limited and that the rhizosphere and fertilization have a greater influence instead. Overall, 
these studies bring us closer to understanding the complex interactions between plant 
roots, soil management, and microorganisms that may help us build more sustainable 
agroecosystems with less N waste.
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CHAPTER 1.      GENERAL INTRODUCTION 
Agricultural Sustainability 
The intensification of agricultural systems in the past century has resulted in greater 
agricultural productivity than ever before. However, management practices such as 
increased fertilization, chemical inputs, and monoculture damage the environment by 
polluting waterways and eroding the fertile top soils that sustain us (Glendell and Brazier, 
2014; Liebman et al., 2008; Pimentel and Burgess, 2013; Tomer and Liebman, 2014; Van 
Loo et al., 2017). Particularly problematic is nitrogen (N) use inefficiency; it is estimated 
that only up to 30-50% of N inputs are taken up by crops, the rest is subject to losses via 
conversion to gas, erosion, and leaching (Cassman et al., 2002; Hirel et al., 2011; Raun 
and Johnson, 1999). Agriculturally derived nitrate, the form of N that is most easily 
leached from soil, has caused world-wide damage to bodies of water (Carpenter et al., 
1998; Vitousek et al., 1997). For instance, the Gulf of Mexico experiences seasonal 
hypoxia that is thousands of kilometers wide due to increases in the load of nitrate, 75% 
of which has been traced back to nine Midwestern states, including Iowa, and 86% of that 
originating from conventional corn and soybean agriculture (Alexander et al., 2008). 
It is clear that modern agriculture cannot continue to operate in the same fashion as it 
has for the past several decades without risking environmental health. Agriculture will 
need to adapt new management approaches that preserve both the high-yields necessary 
for feeding a growing population as well as the soil health required to support that 
productivity (Tilman et al., 2011). The green revolution of the 1900’s that spurred 
modern-day agriculture overlooked the ecological processes that create and maintain 
healthy, productive soils, and there is increasing interest to incorporate ecosystem 
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services back into our agriculture (Drinkwater and Snapp, 2007). Soil microorganisms, 
consisting of bacteria, archaea, and fungi, play important roles in soil health by building 
soil organic matter, stabilizing soil structure, and mediating nutrient cycling (Bender and 
van der Heijden, 2015; Nielsen et al., 2002). Incorporating the naturally-occurring 
functions of these communities into our management paradigms presents new 
opportunities to create more sustainable agricultural systems (Bender et al., 2016). 
Root-associated microbial communities are of particular interest due to their roles in 
improving both plant and soil health (Berendsen et al., 2012). The rhizosphere effect 
promotes the growth of a specific subset of microbes near the root. Plant roots exude 
simple and complex carbon compounds which fuel the growth of microorganisms nearby. 
This stimulation allows microorganisms to increase nutrient mineralization near the root, 
thus feeding the plant in return (Frank and Groffman, 2009; Kraiser et al., 2011; 
Richardson et al., 2009). Additionally, plants have been shown to change exudation 
patterns that alter the expression of microbial genes associated with N cycling (Chaparro 
et al., 2014). As such, these plant-microbe interactions present a built-in mechanism for 
supplying nutrients to the plant in a way that more accurately matches demand then 
current methods of agricultural management, which mainly rely on the application of 
highly-labile inorganic N one or two times during a growing season. Despite the complex 
interactions between plant roots and microbial communities in the rhizosphere, many 
agronomic studies do not adequately consider this compartment of soil when 
investigating nutrient cycling and this is a large gap in need of study.  
The overall goal of this research was to investigate the interactions between plants and 
microorganisms that affect nitrogen use efficiency in agricultural soils. To address my 
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goal, I conducted research at the Marsden long-term experimental site in Boone County, 
Iowa. This site was designed to test the hypothesis that a diversified cropping system 
would contribute ecosystem services that would displace the role of external inputs to 
maintain crop productivity (Davis et al., 2012). I considered two agricultural treatments 
within this experimental site for my research; conventional and diversified. The 
conventional treatment was designed to resemble typical corn-belt agriculture consisting 
of a two-crop rotation (corn, soybean) and sole reliance on inorganic fertilization. The 
diversified treatment, however, consisted of a four-crop rotation (corn, soybean, oat-
alfalfa, alfalfa) and substituted most mineral fertilizer with composted manure. Despite a 
74% reduction in synthetic N inputs, the diversified system has remained just as 
productive as the conventional system while decreasing nitrate leachate from the soil and 
increasing carbon and N retention (King and Hofmockel, 2017; Tomer and Liebman, 
2014). The documented ecosystem services make this site well-suited for investigating 
the roles of root-associated microbial communities in agricultural sustainability. 
Thesis Organization 
In the second chapter of this thesis I present my work exploring the interactive effects 
of maize developmental stage and agricultural management on the root-associated 
microbial community. This study was designed to address multiple gaps in our 
knowledge such as 1) how prokaryotic and fungal communities respond to plant 
development and changing N demands in the face of differing forms of N fertilization, 
and 2) at what spatial scales these shifts are biologically relevant. I hypothesized that, in 
agricultural systems with differing forms of fertilization, the root-associated microbial 
community compositions would be least similar during stages of high maize N demand 
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due to the differences in N forms available. I also hypothesized that these effects would 
be strongest nearest to the root due to a higher concentration of root exudates. 
In the third chapter I narrowed my focus to the interactions between the root-symbiotic 
fungi, arbuscular mycorrhizal fungi (AMF), and ammonia-oxidizing bacteria and archaea 
(AOB and AOA respectively). These groups are particularly relevant because of their 
roles in nutrient cycling in agricultural systems; AMF are known to aid the plant in 
nutrient absorption from the soil, acting as an extension of the plant root. Meanwhile, 
AOB and AOA mediate the first and rate-limiting step of nitrification, the conversion of 
ammonium to nitrate. Both of these groups are under intense scrutiny for their contrasting 
roles; AMF aid plant absorption and hence retention of soil nutrients, while AO promote 
N loss via conversion to nitrate, which is easily leached and lost from soil. I tested the 
hypothesis that AMF, through the ability to absorb inorganic nitrogen, would decrease 
the AO population size via competition for soil ammonium. I also hypothesized that these 
affects would differ in a cropping-system dependent manner, based on differences in 
ammonium availability and AMF community function. 
In the final chapter, I synthesize my results from both projects and related them back 
to my original goal to understand the role of root-associated microbial communities in 
retaining N within agricultural soils. Together, these findings add to and refine our 
understanding of plant-microbial interactions within agricultural systems and the 
ecological services that they may contribute for a more sustainable future. 
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CHAPTER 2.      MAIZE DEVELOPMENT DIFFERENTIALLY AFFECTS 
RHIZOPLANE PROKARYOTIC AND FUNGAL COMMUNITIES IN TWO 
CONTRASTING AGROECOSYSTEMS  
Introduction 
In modern agriculture, nitrogen (N) is one of the most important limiting resources for 
plant productivity and is by far the most extensively applied nutrient to our agricultural 
systems, with up to 80 Tg N added per year (Smil, 1999). However, applied N is 
generally not efficiently used by crops and is highly vulnerable to losses via conversion 
to gas and leaching (Cassman et al., 2002; Galloway et al., 2008). Nitrogen use 
inefficiency is not only economically wasteful but nitrous oxide fluxes, as a result of 
denitrification, and nitrate leachate, due to nitrification, contribute to greenhouse gas 
emissions and freshwater pollution (Carpenter et al., 1998). As an example, the Gulf of 
Mexico experiences a seasonal hypoxic zone thousands of miles wide due to increases in 
nitrate load, 75% of which has been traced back to nine Midwestern states, including 
Iowa, and 86% of that originating from conventional corn and soybean agriculture 
(Alexander et al., 2008). Agricultural management requires innovations in order to 
increase the coupling between N availability and crop demand if we wish to sustainably 
feed the human population. 
Plants in unfertilized terrestrial systems mainly acquire N and other nutrients via the 
depolymerization of soil organic matter by microorganisms. As such, a mutualistic 
interaction between plant roots and microbes exists in which plants exude carbon (C) in 
the form of organic acids and sugars which in turn stimulate the growth and metabolic 
activity of microorganisms near the root (Berendsen et al., 2012; Kraiser et al., 2011; 
Richardson et al., 2009). As plants develop, the root-associated microbiome shifts as well 
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(Baudoin et al., 2002; Chiarini et al., 1998; Gomes et al., 2003; Hannula et al., 2012; 
Houlden et al., 2008; Wieland et al., 2001). The major mechanism by which this process 
occurs is thought to be via changes in root C exudation (Broeckling et al., 2008; Chaparro 
et al., 2014, 2013; Neumann et al., 2014; Paterson et al., 2006). In one study, the 
transcription of genes involved in N metabolism within the rhizosphere microbial 
community was altered as Arabidopsis thaliana aged, which also correlated to changes in 
root C exudates (Chaparro et al., 2014). This indicates that interactions between plant 
root exudation and the root microbiome are a mechanism by which the plant’s nutritional 
needs can be met. Despite this naturally-occurring mechanism for matching plant N 
demand and availability, conventional agroecosystems mainly rely on external inputs of 
inorganic N to create a bioavailable N-supply to crops. As such, there is interest in 
harnessing root-associated microbial communities to develop agricultural systems with 
enhanced fertilizer-use efficiency (Adesemoye and Kloepper, 2009). However, we must 
first develop a basic understanding of how plant roots and agricultural management 
interact to alter the soil microbial communities that confer these ecosystem services. 
The effect of agricultural management on the assembly of the root-associated 
microbiome is not clear. A combination pot and field experiment revealed that as 
inorganic N inputs increased, maize exudation patterns changed, and these changes 
corresponded to a shift in the microbial community of the rhizosphere (Zhu et al., 2016). 
Additionally, soil type can influence the trajectory of rhizosphere assembly and root 
exudation over the course of plant development (Chiarini et al., 1998; Hannula et al., 
2012; Neumann et al., 2014; Xu et al., 2009). Together, these studies show that the 
environment within which a plant is grown matter for the outcome of root selection of the 
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microbial community. It is possible that differences in agricultural management and the 
forms of fertilization provided within the same soil type affect the recruitment of the root-
associated microbiome, but little research has been done on this topic. Large gaps in our 
knowledge still exist such as how agricultural management affects rhizosphere 
recruitment over the course of plant development, how these changes may differ between 
prokaryotic and fungal communities, and at what spatial scales relative to the root that 
these changes are detectable in undisturbed soils. 
We investigated these questions in two contrasting cropping systems within the 
Marsden long-term agricultural experiment; a conventional system (two-year rotation, 
inorganic fertilization) and a diversified system (four-year rotation, manure amendments) 
(Davis et al., 2012). Despite large decreases in inorganic N fertilization in the diversified 
cropping system, it is just as productive as the conventional system, reduces N losses to 
groundwater, and promotes retention of C and N (King and Hofmockel, 2017; Liebman 
et al., 2008; Tomer and Liebman, 2014). These documented ecosystem services allow us 
to use the Marsden site as a model for exploring how agricultural management affects the 
coupling between microbial communities and plant roots, and how this interaction may 
factor into increased nitrogen use efficiency in agriculture. 
In this experiment, we sampled the prokaryotic and fungal communities of the maize 
rhizoplane (directly adhered microorganisms and soil particles), rhizosphere soil (larger 
soil particles clinging to the root), and bulk soil (no root influence) within the 
conventional and diversified systems at four points in maize development. These time 
points each corresponded to low, high, high, and then low predicted plant N demand 
(vegetative stages V4, V11, and reproductive stages R2, R5) (Licht et al., 2011). We 
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hypothesized that the root-associated microbial communities of maize would differ most 
between cropping systems at developmental stages of high-N demand (TP2 or TP3 
corresponding to V11 or R2/3). This is because, if coupling between roots-and microbes 
is occurring, roots would select for the community most-suited to meeting nutrient 
demands based on the types of nutrients available and the microbial seedbank as shaped 
by agricultural management. In addition, we hypothesized that this effect would be 
stronger within the rhizoplane community compared to the rhizosphere community, due 
to a greater concentration of root C exudates that stimulate microbial growth in the 
immediate vicinity of the root. 
Methods 
Field Site Description 
We collected soils for this experiment from the Iowa State University Marsden Long-
Term Cropping System Experiment located in Boone County, IA (42°01’ N; 93°47’ W; 
333 m above sea level) (Davis 2012). The Marsden site was established in 2002 and prior 
to that had been used for conventional corn-soybean agriculture. The site is situated on a 
deep, fertile Mollisol. The soil mostly comprises of Clarion loam (fine-loamy, mixed, 
superactive, mesic, Typic Hapludolls), Nicollet loam (fine-loamy, mixed, superactive, 
mesic, Aquic Hapludolls), and Webster silty clay loam (fine-loamy, mixed, superactive, 
mesic, Typic Endoaqualls) (Davis et al., 2012). We sampled from two agricultural 
treatments within the Marsden site for this experiment: conventional and diversified. The 
conventional treatment is managed with a two-year crop rotation of corn (Zea mays) and 
soybean (Glycine max) with inorganic N fertilization similar to surrounding Iowan farms. 
The diversified treatment instead employs a four-year rotation of corn, soybean, 
oat/alfalfa (Avena sativa), alfalfa (Medicago sativa) and receives most of its fertilization 
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from composted manure and reduced inorganic fertilizer side dresses when additional N 
fertilization is warranted. Both systems had 90 and 60 lbs/acre UAN 32 (conventional 
and diversified respectively) side dress applied on 6/13/17 (management summary in 
Table 2.1). A more complete description and further details of farm management at the 
Marsden site can be found in Liebman et al. (2008). The Marsden site is set up in a 
completely randomized block design, and blocks 1-3 were sampled for this experiment. 
Each plot is 85 m x 18 m. 
Sampling Protocol 
After corn was seeded (05/06/16), three sampling spots were chosen randomly in each 
of the three replicate plots and marked. All subsequent samples were taken from within a 
ten-foot radius of these marks to reduce spatial heterogeneity. We chose sampling time 
points (TP) to best represent different phases of maize development with differing 
predicted N demand: TP1 (vegetative stage 4) when N demand is still relatively low, TP2 
(vegetative stage 11) during rapid vegetative growth and high N uptake, TP3 
(reproductive stage 2 and 3) when N uptake remains high to support kernel growth, and 
TP4 (reproductive stage 5) when kernel development is reaching completion and N 
uptake slows (Licht et al., 2011). We sampled on June 9th, June 29th, July 26th, and 
September 1st, 2016, corresponding to 390, 901, 1519, and 2331 growing degree days 
(summarized in Table S2.1). At the time of harvest, sampled corn plants were staged 
using the Leaf Collar method to verify developmental stage (Licht et al., 2011). If a 
heavy precipitation event occurred, the harvest was delayed for at least one week to 
reduce changes in soil moisture between sampling time points. 
We collected bulk soil, rhizosphere, and the rhizoplane samples at each time point 
using the following protocols. Bulk soil was defined as the soil between corn rows that 
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did not contain roots. Three cores of the top 15 cm of soil were taken per sample halfway 
between corn rows and directly adjacent to the plant sampled for the rhizosphere and 
rhizoplane. We homogenized these bulk soil cores in surface-sterilized plastic tubs and 
subsampled into 2 ml centrifuge tubes and Whirl-Pak bags for DNA extraction and soil 
property analysis respectively. We froze all samples immediately on dry ice in the field 
and later stored them in a -80°C freezer. 
We defined the rhizosphere as the soil still clinging to the roots after several vigorous 
shakes to loosen the root ball. We first used a surface-sterilized shovel to uproot the plant 
in the top layer (15-20 cm) of soil and shook the root ball several times to remove large 
and loosely-adhered soil aggregates. We placed roots into a surface-sterilized autoclave 
tub and cleaned off the remaining soil by further shaking and scraping with surface-
sterilized tweezers and scoopulas. We used tweezers to quickly remove small roots and 
other visible debris from the liberated soil then transferred the soil into 2 ml centrifuge 
tubes and froze immediately on dry ice. At later sampling time points (TP3 and TP4), a 
large root-ball had developed at the base of each plant that would not loosen completely 
with several vigorous shakes. In this case, rhizosphere soil was only collected from roots 
extending from this root ball by shearing them off individually and sampling as 
described. After rhizosphere soil was collected, the root samples were placed into Whirl-
Pak bags and frozen on dry-ice, and these were later used to isolate the rhizoplane 
samples. All samples were stored at -80°C. 
The rhizoplane was defined as the soil particles and microbes that were still closely-
associated with the root after rhizosphere sampling. For TP1 and TP2, we collected the 
rhizoplane from the whole root, and for TP3 and TP4, we collected the rhizoplane from 
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5-10 cm long healthy root segments that were equivalent in biomass to the root samples 
collected for TP2. Frozen root samples were placed in 40-45 ml of an ice-cold phosphate 
buffer (0.1 M) solution, vortexed for thirty seconds and then decanted over a 100 µm 
nylon mesh filter into a sterile falcon tube. Another 45 ml of ice-cold phosphate buffer 
solution was added to the tube with roots and then sonicated for 30 seconds at 20W using 
a needle probe to remove attached soil and cells. This sonicated buffer solutions were 
poured over another 100 µm nylon mesh and pooled with the first filtrate. The pooled 
filtrate was centrifuged at 10,000 RPM for 5 minutes at 4°C and then decanted, leaving a 
pellet of soil and root-adherent microbes. The pellet was transferred to microcentrifuge 
tubes and stored at -20°C before being transferred to -80°C. 
Amplicon Sequencing 
DNA was extracted from 0.25 g fresh weight of sample material using MoBio 
PowerLyzer PowerSoil kits (Mobio Laboratories, Carlsbad, CA). DNA samples were 
sent to Argonne National Laboratory (Lemont, IL) for amplicon library preparation and 
sequencing using the 16S V4/V5 region targeted by the 515F/806R primer set and the 
fungal internal transcribed spacer region 1 (ITS1) using the ITS1F (5’ 
CTTGGTCATTTAGAGGAAGTAA 3’) and ITS2 (5’ GCTGCGTTCTTCATCGATGC 
3’) primer set (Smith and Peay, 2014). Amplicons of 16S and ITS were paired-end 
sequenced (read lengths of 250 bp x 250 bp and 150 bp x 150 bp respectively) on an 
Illumina MiSeq platform on separate runs. Mock community samples were also included 
to evaluate sequencing biases and verify taxonomic resolution. Three replicates of the 
ZymoBIOMICS Mock Community DNA Standard (Zymo Research, Irvine, CA) were 
included with 16S sequencing while three replicates of a fungal mock community were 
included with ITS sequencing (Bakker, in review). 
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Sequences were processed using the open source pipeline, hundo, available at 
https://github.com/pnnl/hundo. Briefly, sequences were quality filtered using BBDuk2 
(Bushnell, 2014) to remove adapter and PhiX sequences at a matching kmer length of 31 
bp and hamming distance of 1. At this time, all reads shorter than 51 bp were discarded. 
USEARCH was used to merge reads with a minimum length of 175 bp and maximum 
error rate of 1% (Edgar, 2010). Sequences were dereplicated and clustered using 
USEARCH at 97% sequence identity (distance-based, greedy clustering method) (Edgar, 
2013). Chimeric sequences were predicted de novo at the same time. Taxonomic 
assignment to each OTU was performed using BLAST alignments (Camacho et al., 2009) 
and then assigned by least common ancestor across the SILVA database version 123 
(Quast et al., 2013) for 16S sequences or UNITE version 7 (Kõljalg et al., 2013) for ITS 
sequences. We used USEARCH on seed sequences filtered against SILVA version 123 or 
UNITE version 7 for 16S and ITS respectively to find chimeric OTUs. 
Data Analysis 
All statistical analyses were performed in the software R (version 3.3). Prior to α and β 
diversity analyses, singleton OTUs were discarded and counts were Cumulative Sum 
Scaling normalized to the 75th percentile to decrease sequencing depth bias (Paulson et 
al., 2013). Next, data was pre-processed to remove unknown phyla, chloroplast, and 
mitochondrial OTUs using the ‘phyloseq’ package (McMurdie and Holmes, 2013). 
Treatment effects on richness, defined as the total number of species present in the 
sample, and Shannon’s diversity indices were determined via Kruskal-Wallis tests using 
the packages ‘vegan’ and ‘labdsv’ (Oksanen et al., 2017; Roberts, 2016). Treatment 
effects on these α diversity metrics were tested on both raw and normalized data and 
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resulted in similar significance, but statistical results from the normalized data are 
reported here for consistency.  
Distance matrices were created at the OTU-level using Bray-Curtis dissimilarity in the 
R packages ‘vegan’ and ‘phyloseq’ (McMurdie and Holmes, 2013; Oksanen et al., 2017). 
Non-metric multidimensional scaling (NMDS) ordinations were created from these 
distance matrices as well. Treatment effects were determined using permutational 
analysis of variance (PERMANOVA) with 9999 permutations. Multiple contrasts were 
also tested using PERMANOVA tests and a Bonferroni adjustment to determine 
differences in community composition between specific treatments. We also identified 
differentially abundant taxa between treatments using the ‘DESeq2’ package both as an 
additional metric of community differences, and to determine the identities of taxa 
differentially abundant between treatments (Anders and Huber, 2010; Love et al., 2014). 
DESeq2 analyzes raw data to determine the quantity and effect sizes of differentially 
abundant sequences between treatments and we did analyses on both OTU and family-
level count data. To account for multiple comparisons, DESeq2 applies the Benjamin-
Hochberg adjustment which controls the false discovery rate. We denoted significance at 
an α level of 0.01 to minimize family-wise error and ensure further confidence in our 
results. When comparing rhizoplane or rhizosphere communities between cropping 
systems, we filtered out differentially abundant taxa that were not also differentially 
abundant when compared to the corresponding bulk soil. This limited our findings to taxa 
that were differentially abundant within the rhizosphere and rhizoplane due to the 
influence of the root and not simply due to changes in environmental factors. 
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Mock communities were analyzed by averaging the raw counts for each OTU in the 
triplicate communities then iteratively searching for each known community member at 
each taxonomic level. Once each specific community member was found, the ratio of that 
member relative to the whole community was calculated and compared to the expected 
ratio as defined in the mock community. This provided a means for assessing sequencing 
biases and the accuracy of taxonomic assignment by the hundo pipeline. 
Results 
Prokaryotic and Fungal Community Composition 
A total of 8,664,921 counts were obtained through Illumina MiSeq sequencing of the 
16S region. The average number of counts per sample was 38,856.14 ± 10,440.95 (SD) 
counts per sample. There were a total of 19,842 unique operational taxonomic units 
(OTUs) identified across all samples. The most abundant phyla present in the 
conventional cropping system across all time points and root-proximity levels were 
Proteobacteria (30.7%), Acidobacteria (15.6%), Bacteroidetes (14.6%), and 
Verrucomicrobia (11.6%). In the diversified cropping system, the same phyla dominated 
the system but with differing proportions (24.5%, 15.1%, 14.9%, 14.8% respectively). 
Averaged across cropping systems and time points, the bulk soil community was 
dominated by Proteobacteria (24.5%), Acidobacteria (17.4%), Bacteroidetes (14.6%), and 
Verrucomicrobia (11.6%). The rhizosphere community composition was dominated by 
these same phyla (27.3%, 16.2%, 14.7%, 10.9% respectively), as was the rhizoplane 
community composition (37.9%, 22.9%, 12.4%, 10.3% respectively). Phyla-level relative 
abundances averaged across cropping system or root-proximity level are summarized in 
Figure S2.2 A and B. Phyla-level prokaryotic community compositions were also 
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summarized for each cropping system, time point, and root proximity treatment (Figure 
2.1 A). 
Illumina MiSeq sequencing of the ITS region resulted in a total of 3,635,209 counts 
with an average of 16,908 ± 5,967 (SD) counts per sample. The total number of unique 
OTUs identified across all samples was 3,136. The most abundant phyla present in the 
conventional cropping system across all time points and root-proximity levels were 
Ascomycota (59.8%), Zygomycota (22.4%), and Basidiomycota (16.6%). Within the 
diversified soil, these relative abundances were 52.7%, 24.8%, and 21.1% respectively. 
Averaged across cropping systems and time points, the bulk soil community was 
dominated by Ascomycota (50.7%), Zygomycota (24.3%), and Basidiomycota (16.6%). 
The rhizosphere community composition was dominated by these same phyla (56.7%, 
21.9%, 19.9% respectively), as was the rhizoplane community composition (61.9%, 
25.1%, 11.5% respectively). Phyla-level relative abundances averaged across cropping 
system or root-proximity level are summarized in Figure S2.2 C and D. Phyla-level 
fungal community compositions were also summarized for each treatment (Figure 2.1 B). 
Mock Community Sequencing 
Mock communities were included in sequencing to characterize bias and the 
taxonomic resolution of each species included (Table S2.2). Overall, the prokaryotic 
community was well-characterized by the 16S primers and platform used. Only one 
species was severely under-represented (Lactobacillus fermentum) and all taxa were 
identified within the sequences. Taxonomic assignment was correctly applied at genus 
level for three species, family level for three species, and order level for one species. 
Sequencing of the fungal mock communities returned 10 of 18 species included in the 
community, with three species of the same genus, Fusarium, undifferentiated from one 
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another. Of the species identified in sequencing, only one was not over or under-
represented. Two species were assigned correctly at species level, four at genus level 
(including the three Fusarium species), and the remaining four at family level. Because 
most species in both prokaryotic and fungal communities were correctly identified at 
least at the family level, family-level resolution was used to evaluate the identities of 
differentially abundant taxa between treatments. 
Treatment Effects on Diversity and Community Structure  
Richness (the number of unique OTUs detected) and Shannon’s diversity index were 
calculated to assess the α diversity of each community for each treatment. Both the 
richness and Shannon’s diversity of the prokaryotic community were significantly 
influenced by time and block, but not cropping system or root-proximity (P < 0.0001 and 
P < 0.05 for each metric respectively). Over the course of the growing season, 
prokaryotic richness and Shannon’s diversity decreased (Figure 2.2 A, B). Fungal 
community richness was significantly affected only by block (P < 0.0001), while fungal 
Shannon’s diversity was significantly affected by time point and block (P < 0.0001 both). 
Fungal Shannon’s diversity also generally decreased over time (Figure 2.2 C, D). 
We used NMDS ordination to visualize differences in β diversity between cropping 
systems, root proximities, and time points. NMDS ordination showed that community 
composition separated clearly by root-proximity level and less clearly by cropping 
system and time point for both prokaryotic and fungal communities (Figure 2.3). This can 
be observed by the horizontal spread of treatments in differing root proximities and by 
the vertical spread of treatments in differing cropping systems. Using a full 
PERMANOVA model on the prokaryotic community data, we observed significant 
differences in prokaryotic community structure with highly significant main effects 
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(cropping system, root proximity, and time point), as well as amongst some interactions 
(cropping system by root proximity, and root proximity by time point, Table 2.2). Root 
proximity had the strongest effect on the separation of treatments followed by cropping 
system and time point. Block also had a significant effect (P = 0.0001) on prokaryotic 
community structure according to a mixed-model PERMANOVA. A full PERMANOVA 
model on fungal community data identified significant main effects and all significant 
interactions except for cropping system by root proximity by time point (Table 2.2). Root 
proximity had the strongest effect on community composition, followed by cropping 
system and time point. A mixed-model PERMANOVA revealed a significant effect of 
block (P = 0.0001) on fungal community structure as well. 
We further explored differences in community composition between root-proximity 
levels within each cropping system and at each time point by comparing contrasts 
between specific treatments (Table 2.3). In the conventional cropping system, prokaryotic 
community composition in the rhizosphere soil was similar to that of the bulk soil at TP1 
and TP4, but significantly differed at TP2 and TP3. The diversified system prokaryotic 
rhizosphere community composition was similar to the bulk soil community composition 
at all time points. In contrast, prokaryotic communities in the rhizoplane differed 
significantly in composition compared to the bulk soil communities in both cropping 
systems at all time points. Similarly, prokaryotic rhizosphere and rhizoplane community 
structures were always significantly different from one another. Comparisons of 
prokaryotic bulk soil communities between cropping systems at each time point revealed 
significant compositional differences in every case, as was the case for the rhizosphere 
community compositions. However, rhizoplane prokaryotic communities followed a 
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different pattern, and compositions significantly differed from one-another only at TP1 
and TP2, and were similar at TP3 and TP4, later in plant development.  
 Fungal rhizosphere community composition was similar to the bulk soil community 
composition in the conventional system at TP1 and TP2 but not at TP3 and TP4. The 
fungal rhizosphere community structure in the diversified system did not differ from that 
of the bulk soil at TP1, TP2, and TP3 but was significantly different at TP4. However, the 
fungal rhizoplane community composition significantly differed from the bulk soil 
community composition in both cropping systems and at all time points. Similarly, the 
fungal rhizosphere and rhizoplane community compositions significantly differed from 
one another in both cropping systems at nearly all time points, except for in the 
conventional system at TP3. When fungal bulk soil community compositions were 
compared between cropping systems, they significantly differed at all time points, as did 
rhizosphere communities. However, Rhizoplane community structures differed 
significantly between cropping systems only at TP1 and TP4. 
The interaction of root proximity and time point for both prokaryotic and fungal 
communities were both highly significant and had similar R2 values as the main effect of 
cropping system, indicating that this interaction may be important for understanding the 
spatial and temporal dynamics of these communities. In order to explore this interaction, 
further contrasts were conducted between communities between consecutive time points 
for each cropping system and at each root proximity level (Table 2.4). Additionally, the 
NMDS ordination of the data was faceted to visualize these changes over time (Figure 
2.4). Prokaryotic bulk soil and rhizosphere soil communities followed similar trends and 
did not differ from one another within either cropping system over the entire growing 
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season. In contrast, the rhizoplane prokaryotic community compositions differed 
significantly between all time points within both cropping systems. Similar to the 
prokaryotic communities, fungal bulk soil community compositions did not significantly 
differ from one another within either cropping system and at any time point comparisons. 
In the rhizosphere, fungal communities differed from one another within the conventional 
system between TP1 and TP2 and between TP2 and TP3, and within the diversified 
system between TP2 and TP3, and between TP3 and TP4, showing more temporal shifts 
than the prokaryotic rhizosphere communities. Fungal rhizoplane communities 
significantly differed from one another between all time points except for within the 
conventional system between TP2 and TP3 and within the diversified system between 
TP1 and TP2. 
Differentially Abundant Taxa 
In order to further assess dissimilarity between communities of different cropping 
systems at each root proximity level, differential abundance analyses were conducted on 
communities at the OTU and family levels using DESeq2. Differential abundance at the 
OTU level was used to quantify the number of differences between treatments while 
family-level differences were used to assess the identity of taxa constituting those 
differences. The family level was chosen due to the degree of taxonomic resolution we 
could rely on given the sequencing results of the mock communities (Table S2.1). The 
OTU-level differential abundance results informed the family-level analyses, and 
rhizoplane communities were chosen as the focus of these further analyses because of the 
greater differences between rhizoplane and bulk soil communities as compared to bulk 
soil vs rhizosphere soil communities.  
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At the OTU level, the greatest number of differentially abundant prokaryotic taxa 
between bulk soil communities occurred at TP3, while the rhizosphere and rhizoplane 
peaked at TP2 and decreased thereafter (Figure 2.5 A, Table S2.3). Because taxa that 
were not differentially abundant compared to the bulk soil were filtered from rhizosphere 
and rhizoplane differential abundance contrasts, the rhizosphere communities had many 
fewer OTUs differentiating them between cropping systems compared to those of the 
rhizoplane due to the greater similarity between bulk and rhizosphere soil communities. 
At TP2, when the most taxa differences were observed between rhizoplanes in the two 
cropping systems, the three families that were most abundant in the diversified compared 
to the conventional cropping system rhizoplane were Glycomycetaceae, an unknown 
family within Acidobacteria Subgroup 18, and Saprospiraceae (Figure. 2.6 A). Families 
most abundant in the conventional rhizoplane compared to the diversified rhizoplane 
were the Catenulisporaceae, Actinobacteria 288-2, and Burkholderiaceae (Figure. 2.6 A). 
Bulk soil, rhizosphere soil, and rhizoplane fungal communities had the most 
differentially abundant OTUs between cropping systems at TP1 (Figure 2.5 B, Table 
S2.3). At TP1 the diversified cropping system families that were most abundant 
compared to the conventional cropping system were unknown families within the 
Saccharomycetes, Helotiales, and Pleosporales (Figure 2.6 B). The top three fungal 
families most abundant in the conventional compared to the diversified rhizoplane were 
an unknown family within the Sacharomycetales, Helotiaceae, and Mycosphaerellaceae 
(Figure 2.6 B). Overall, majority of the differentially abundant families between cropping 
systems belonged to the phylum Ascomycota (13 of 23 families detected). 
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Discussion 
Though many studies have investigated how the root-associated community changes 
as the plant develops, we are unaware of any that have directly compared the impacts of 
differing management systems on this process in the field. We investigated the effects of 
a diversified (four-year rotation, manure amendments) and conventional (two-year 
rotation, inorganic fertilization) maize cropping system on the dynamics of prokaryotic 
and fungal root communities through the course of maize development as plant N 
demands change. Our results demonstrate that root-associated prokaryotic communities 
differed most between cropping systems at a developmental stage consistent with high 
plant N uptake and became more similar thereafter. Prokaryotic groups associated with 
organic matter decomposition were enriched at the high N demand stage within the 
diversified rhizoplane community. Root-associated fungal communities, however, appear 
to differ most between cropping systems early in plant development and then converged. 
Additionally, rhizoplane communities were much more responsive to root selection 
compared to rhizosphere communities, making the patterns of assembly clearest within 
the rhizoplane. 
Surprisingly, we did not find significant shifts in community richness or Shannon’s 
diversity due to cropping system or root-proximity, but instead saw a significant decrease 
in α diversity measurements over the course of the growing season. The effects of 
agricultural management on microbial diversity are often inconsistent, with some studies 
indicating increased diversity within organic-matter fed agricultural systems and others 
reporting a decrease or no difference (Cesarano et al., 2017; Fernandez et al., 2016; 
Hartmann et al., 2015; Kamaa et al., 2011; Sugiyama et al., 2010; Zhong et al., 2010). 
Environmental factors may contribute to the overall decline in richness and diversity over 
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time in these systems, such as the addition of a fertilizer side-dress prior to TP2 that was 
applied to both cropping systems in this study. Soil N deposition has been shown to 
decrease microbial α diversity in the overall community or of specific microbial groups 
(Campbell et al., 2010; Li et al., 2017; Zeng et al., 2016).  
Overall, root-associated communities, particularly within the rhizoplane, shifted 
significantly over the course of plant development, indicating root-selection of particular 
microbial groups. These results are consistent with those of other studies that have 
investigated the effect of plant development on the root-associated community structure, 
which document that different plant developmental stages select for different microbial 
communities (Chiarini et al., 1998; Gomes et al., 2003; Hannula et al., 2012; Houlden et 
al., 2008; Micallef et al., 2009; Xu et al., 2009). These shifts in community composition 
are likely caused by changes in root-exudation during growth which has been 
demonstrated for both prokaryotic and fungal communities in various plant species 
(Broeckling et al., 2008; Chaparro et al., 2014, 2013; Paterson et al., 2006). Our first 
hypothesis, that root-associated microbial communities would differ most between 
cropping systems at stages of rapid plant growth and high N demand, was partially 
supported. Prokaryotic rhizoplane communities showed the least overlap in community 
composition and the most differentially abundant taxa at TP2, when maize plants are 
known to be growing rapidly with high N uptake (Licht et al., 2011). To our knowledge, 
this experiment presents the first evidence that agricultural management can have a 
marked-impact on the trajectory of the prokaryotic community structure as the plant ages, 
and that the magnitude of this difference varies by plant developmental stage.  
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Families within the Verrucomicrobia and Acidobacteria were commonly and 
consistently more abundant in the diversified rhizoplane compared to the conventional 
rhizoplane at TP2, when maize were at a stage of high nutrient demand and displayed the 
most differences between rhizoplane communities. Meta-analyses have provided 
evidence for the ecological roles of these phyla as oligotrophs important for the 
breakdown of complex organic materials and C cycling in soil systems (Fierer et al., 
2013, 2007). In support of this, whole genome-analyses of culturable members of the 
Verrucomicrobia and Acidobacteria identified gene pathways suited for the breakdown of 
complex, plant-derived polysaccharides (Martinez-Garcia et al., 2012; Ward et al., 2009). 
Additionally, members of both phyla are capable of rhizosphere colonization and have 
been isolated from the plant root surface (Nunes da Rocha et al., 2013, 2011; Tanaka et 
al., 2017). Considered together, this evidence supports the notion that bacteria may play a 
key role in the diversified system by decomposing more complex organic material near 
the root, thus liberating nutrients to support plant growth. In juxtaposition to this, within 
the conventional system, families of the Proteobacteria and Actinobacteria comprised the 
majority of taxa enriched in the rhizoplane compared to in the diversified system, which 
are considered fast-growing copiotrophs (Fierer et al., 2007). Proteobacteria and 
Actinobacteria have been consistently identified as rapid consumers of simple C 
substrates, unlike Verrucomicrobia that participate in the decomposition of more complex 
plant-derived C (Kramer et al., 2016; Pepe-Ranney et al., 2016). Therefore, the 
conventional rhizoplane hosts comparatively higher abundances of prokaryotes suited to 
simple C substrates, and lower abundances of prokaryotes suited to complex C 
decomposition, indicating a higher reliance on inorganic inputs that are readily available. 
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Management that relies exclusively on inorganic inputs may select for microbial 
communities dependent on easily-accessed nutrition, and disrupt the plant’s ability to 
select for a community that mineralizes nutrients from organic matter near the root.  
The convergence of rhizoplane communities between cropping systems at TP3 and 
TP4 (corresponding to high and low predicted N demand respectively) may indicate that 
the roots in the two systems selected for similar communities at these stages. Otherwise, 
the types of roots selected for sampling at TP3 and TP4 may have influenced the results, 
as at those time points only matured roots would be present in the top-layer of soil 
sampled. Mature roots have been shown to shape root-associated prokaryotes differently 
compared to developing roots (DeAngelis et al., 2009). 
Fungal root-associated communities of differing cropping systems were most different 
from one another at TP1, when maize growth and N demand were not predicted to be 
high compared to other stages of plant development (Licht et al., 2011). In this case, 
fungal communities did not appear to conform to the nutrient demands and specific forms 
of nutrients available to the plant as did prokaryotic communities. At TP1, when fungal 
rhizoplane communities were most distinct between cropping systems, the majority of 
differentially abundant taxa were families within the Ascomycota, which supports the 
findings of Gomes et al. (2013) who found that two maize cultivars consistently selected 
for various groups within the Ascomycota at early stages of development. The order 
Pleosporales was found to be consistently selected for early in plant development in 
Gomes et al. (2013) and was also present within TP1 rhizoplanes of maize in this 
experiment, with higher abundance within the diversified-grown maize rhizoplane. 
Species of Pleosporales and Ascomycota in general cover a broad-range of ecological 
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roles, such as saprotrophs, root endophytes, and plant pathogens (Schoch et al., 2009; Y. 
Zhang et al., 2012; Zhang et al., 2009). Though at the family-level it is impossible to 
determine the functional roles of the taxa detected in this study due to the limited 
information available, it is possible that Ascomycota are early colonizers of maize within 
agricultural systems, and that the fungal seedbank as shaped by agricultural management 
affects the early recruitment of Ascomycota by maize roots. This is supported by data 
showing that Ascomycota comprised the majority of differentially abundant taxa in the 
bulk soils of these systems as well (Figure S2.3). Culturable Ascomycota within the 
families identified here make excellent candidates for further examination of colonization 
strategies, contributions to plant health, and their roles within the rhizosphere in plant 
development. 
Our second hypothesis, that root selection within the root-associated community 
would be stronger in the rhizoplane than within the rhizosphere, was supported. Though 
this finding was predicted, the lack of differentiation between rhizosphere and bulk soil 
communities within the prokaryotic data is surprising, as root exudates have been found 
to reach up to several mm from the root surface within soils and to effect microbial 
communities up to 5 mm from the root in controlled studies (Kandeler et al., 2002; 
Kuzyakov et al., 2003; Raynaud, 2010). In contrast, our experiment was conducted under 
field conditions with spatially heterogeneous soils and variable moisture conditions, 
which may have limited the spread of root exudates into the rhizosphere. In contrast, 
many field-conducted experiments investigating the rhizosphere soil report a significant 
change in community structure compared to bulk soils (Hargreaves et al., 2015; 
Fernandez et al., 2016; Yin et al., 2017; Yurgel et al., 2017). However, many of these 
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experiments likely include at least part of the rhizoplane communities in the washing 
steps used to collect the rhizosphere samples. This may indicate that methods to isolate 
the root-associated community that do not employ a wash, vortex, or sonication step may 
not adequately distinguish bulk and root-affected soils. It is possible that the rhizoplane is 
a larger driver of the rhizosphere effect under field conditions than previously thought. 
This is in accordance with the theoretical work by Watt et al. (2006) who predicted that 
the rhizoplane community would be much more responsive to root exudation due to its 
close proximity to the root and the heterogeneity of the soil under field conditions. This, 
taken together with the observation that many of the changes in rhizoplane community 
structure corresponding to plant development were not also seen in the rhizosphere, 
indicates that field experiments should take special care to include the rhizoplane in all 
“rhizosphere” sampling efforts, lest they miss important dynamics of the root-associated 
community. 
Fungal communities responded to root selection further from the root compared to 
prokaryotic communities. The bulk soil microbial community structure remained largely 
stable over the course of the growing season but fungal community structure significantly 
shifted within both the rhizoplane and rhizosphere between sampling time points, while 
only rhizoplane prokaryotic communities responded to plant development. Most bacteria 
and archaea are limited in their spread to water-filled volumes within soils, whereas 
fungal hyphae are well-suited to exploring heterogeneous soil environments (Pajor et al., 
2010). Various experiments on root-colonizing symbiotic and pathogenic fungi have 
found that hyphae can spread up to several centimeters through the soil from the root 
(Friese and Allen, 1991; Otten et al., 2004; Otten and Gilligan, 1998). Fungi closely 
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associated with plant roots, therefore, would easily spread to accommodate the 
rhizosphere, unlike prokaryotes. The spatial scales at which prokaryotes and fungi may 
be affected by plant growth appear to differ and should be considered in future studies of 
microbial function within agricultural systems. 
Conclusions 
In conclusion, this multi-faceted experiment contributes to our understanding of how 
agricultural management and root selection interact to shape root-associated microbial 
communities within differing agricultural systems. We show that during developmental 
stages of fast growth and high nutrient demand, maize roots in differing cropping systems 
selected for dissimilar prokaryotic communities. In a manure-fed cropping system, the 
prokaryotic rhizoplane community included a higher abundance of members implicated 
in complex organic matter decomposition, while in a conventional, inorganically fed 
cropping system, the rhizoplane communities contained a higher abundance of taxa 
reliant on more easily-accessed nutrition. This may be one mechanism by which the 
diversified system is able to support high productivity with reduced fertilization. In 
contrast, root-associated fungal communities appeared to be selected first based on the 
fungal seed bank supplied by the management regime and then converged to be highly 
similar regardless of agricultural management or predicted plant N demand. This 
indicates that management may have important effects on the root-associated fungal 
community early in plant development. Finally, we provide evidence that rhizoplane 
communities may be a main driver of the differences between bulk and rhizosphere soil, 
particularly for prokaryotic communities, and should not be excluded in field sampling 
efforts. This close association may mean that plant-growth promoting properties of the 
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root-associated community occur at a much more intimate scale relative to the root than 
previously expected, particularly in undisturbed soils.  
Future studies should investigate how differences in fertilization affect plant exudation 
patterns to see if shifts in plant exudation may account for the changes in root-associated 
microbial communities. Additionally, the functional capacity of the root-associated 
microbial communities, and not just taxa identities, should be explored to understand how 
shifts in plant development in differing agricultural systems affect soil functioning. In 
order to fully utilize the ecological services conferred by plant-microbe interactions in 
our agricultural systems, we must continue to unravel the spatio-temporal dynamics of 
prokaryotic and fungal communities for targeted management decisions. 
Supplementary Methods 
Bulk soil chemical properties were also measured at the time of sampling. A 25-50 g 
subsample of bulk soil was placed into a Whirl-Pak bag and frozen immediately on dry 
ice, then transferred to a -80C freezer. Soil chemical properties were evaluated by the 
Iowa State University Plant and Soil Analysis Laboratory using their standard protocols 
(Eliason et al., 2015; Kalra, 1998) (Table S2.4). Briefly, soil NH4+ and NO3- 
concentrations were determined colorimetrically and phosphorus, potassium, calcium, 
and iron were all determined via Mehlich-3 extraction read on an ICP. The soil pH was 
measured via electrode in a soil and water slurry. Gravimetric water content was 
measured via drying fresh soil in an oven for 48 hours. Total N and C were measured via 
combustion analyses. Significance of main effects were determined via multi-way 
ANOVA (Table S2.5). 
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Table 2.1. Agricultural management of the Marsden site during the 2016 growing season 
and previous years. N/A means that no treatment was applied in that. UAN 32 refers to 
the fertilizer type used (solution of 45% ammonium nitrate, 35% urea, and 20% water).  
 
 
 
Table 2.2. Permutational analysis of variance of β diversity. Results are based on 9999 
permutations. 
 
 
 
 
 
 
  
Cropping System Rotation (Year) Fertilization Side Dress
Conventional
Corn (2016) 100 lbs/acre UAN 32    (at planting) 90 lbs/acre UAN 32 (6/13/17)
Soybean (2015) N/A N/A
Diversified
Corn (2016) 7.6 tons/acre composted manure (Nov 2015)
60 lb/acre UAN 32 
(6/13/17)
Alfalfa (2015) N/A N/A
Oat and alfalfa (2014) N/A N/A
Soybean (2013) N/A N/A
R2 P-value R2 P-value
Cropping system 0.065 0.0001 0.083 0.0001
Root proximity 0.278 0.0001 0.166 0.0001
Time point 0.056 0.0001 0.095 0.0001
Cropping system * Root proximity 0.015 0.0011 0.018 0.0001
Cropping system * Time point 0.010 0.0943 0.022 0.0001
Root proximity * Time point 0.059 0.0001 0.066 0.0001
Cropping System * Root proximity * Time point 0.014 0.5692 0.019 0.1790
Fungal
Treatment Effect
Prokaryotic
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Table 2.3. Significance of β diversity between root-proximities. Results are based on 
multiple PERMANOVA tests (9999 permutations) with Bonferroni adjustment. Numbers 
represent P-values. Contrasts that compare the same root-proximity level do so between 
cropping systems. Conv. and Div. refer to conventional and diversified cropping system 
respectively. 
 
 
 
Table 2.4. Significance of β diversity between consecutive time points. Results are based 
on multiple PERMANOVA tests (9999 permutations) with Bonferroni adjustment. 
Numbers represent P-values. Conv. and Div. refer to the conventional and diversified 
cropping systems respectively.  
 
 
 
Time point 
Cropping System Conv. Div. Conv. Div. Conv. Div. Conv. Div.
Contrasts
Prokaryotic Bulk vs Rhizosphere 0.313 1.000 0.038* 0.464 0.011* 1.000 0.200 1.000
Bulk vs Rhizoplane 0.027* 0.005** 0.027* 0.027* 0.022* 0.027* 0.027* 0.027*
Rhizosphere vs Rhizoplane 0.027* 0.005** 0.027* 0.027* 0.033* 0.027* 0.027* 0.027*
Bulk vs Bulk
Rhizosphere vs Rhizosphere
Rhizoplane vs Rhizoplane
Fungal Bulk vs Rhizosphere 0.173 0.270 0.124 1.000 0.011* 0.335 0.044* 0.027*
Bulk vs Rhizoplane 0.005** 0.022* 0.038* 0.043* 0.032* 0.027* 0.027* 0.043*
Rhizosphere vs Rhizoplane 0.005** 0.022* 0.011* 0.043* 0.086 0.027* 0.027* 0.043*
Bulk vs Bulk
Rhizosphere vs Rhizosphere
Rhizoplane vs Rhizoplane
0.005* 0.027* 0.059 0.162
0.032* 0.113 0.070 0.043*
0.027*
0.027* 0.027*
0.027*
0.011*
0.016*
0.027*
0.027*
0.049*
0.027*
0.027*
0.027*
0.027*
0.027*
0.027*
TP1 TP2 TP3 TP4
 0.049*
Root proximity 
Cropping system Conv. Div. Conv. Div. Conv. Div.
Contrasts
Prokaryotic TP1 vs TP2 0.162 1.000 0.119 0.113 0.027* 0.005*
TP2 vs TP3 0.826 1.000 0.497 0.956 0.022* 0.027*
TP3 vs TP4 1.000 1.000 1.000 1.000 0.016* 0.027*
Fungal TP1 vs TP2 1.000 0.319 0.043* 0.130 0.016* 0.065
TP2 vs TP3 0.329 1.000 0.027* 0.027* 0.081 0.027*
TP3 vs TP4 1.000 1.000 0.259 0.027* 0.005** 0.043*
RhizoplaneRhizosphereBulk
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Figure 2.1. Relative abundance of phyla in each treatment. A) Dominant prokaryotic phyla and B) dominant fungal phyla. Low 
abundance prokaryotic phyla not visible in the graph (total of 54 phyla) are not shown in the legend while all fungal phyla detected are 
present in the legend (total of 7 phyla).
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Figure 2.2. Richness and Shannon’s Diversity over time. A-B) prokaryotic and C-D) 
fungal communities averaged over cropping system and root-proximity level. Points 
indicate means and bars indicate standard error. The main effect of time was statistically 
significant according to Kruskal-Wallis test (P < 0.05) for all except fungal richness.  
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Figure 2.3. NMDS ordinations of microbial communities. Ordinations are based on the Bray-Curtis dissimilarities of CSS normalized 
data. A) Prokaryotic, stress = 0.142, and B) fungal, stress = 0.201, communities of each treatment. Ellipses indicate T-normal 
distributions of each treatment group. 
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Figure 2.4. NMDS ordinations of root proximity and time point interactions. A) Prokaryotic, stress = 0.142, and B) fungal, stress = 
0.201, communities faceted by root-proximity and cropping system. Ellipses show the t-normal distribution of each treatment group.
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Figure 2.5. Number of differentially abundant OTUs between cropping systems in the 
bulk soil, rhizosphere soil, and rhizoplane. A) Prokaryotic and B) fungal communities at 
each time point.
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Figure 2.6. Family-level differential abundance between rhizoplanes of differing 
cropping systems at each time point. A) Prokaryotic and B) fungal communities. The y-
axis shows the phylum and family assignment of each taxa. If the family was unknown, 
the class or order assignment was substituted. A red bar indicates a lower abundance of 
the taxa in the diversified system, while a blue bar indicates a higher abundance of the 
taxa in the diversified system. A log2Fold Change of 1.5 indicates that the taxa was 21.5 
times the abundance of the conventional system.
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Table S2.1. Summary of maize properties at sampling time points.  
 
 
 
 
Table S2.2. Mock community sequencing results. 
 
 
 
 
 
 
 
 
Time point TP1 TP2 TP3 TP4
Developmental Stage V4 V11 R2 R5
Growing Degree Days 390 901 1519 2331
Calendar Date 6/9/2016 6/29/2017 7/26/2016 9/1/2016
Predicted N Demand Low High High Low
Species OTU ID Theoretical Ratio Actual Ratio Assigned Correctly
Pseudomonas aeruginosa OTU_155 4.6 6.1 Order
Escherichia coli OTU_119 10 7.0 Family
Salmonella enterica OTU_9 11.3 11.2 Family
Lactobacillus fermentum OTU_170 18.8 8.5 Family
Enterococcus faecalis OTU_80 10.4 11.7 Genus
Staphylococcus aureus OTU_39 13.3 20.9 Genus
Listeria monocytogenes OTU_44 15.9 17.9 Genus
Bacillus subtilis OTU_61 15.7 16.6 Genus
Species OTU ID Theoretical Ratio Actual Ratio Assigned Correctly
Alternia alternata OTU_12 0.0263 0.126 Species
Aspergillus flavus N/A 0.263 0 Not Found
Neosartorya fischeri N/A 0.263 0 Not Found
Penicillium expansum N/A 0.263 0 Not Found
Candida apicola N/A 0.263 0 Not Found
Saccharomyces cerevisiae OTU_580 2.63 0.858 Genus
Claviceps purpurea OTU_1141 0.263 0.062 Family
Trichoderma reesei OTU_433 0.263 0.031 Family
Fusarium graminearum, 
oxysporum, and 
vesticilloides
OTU_119, 
OTU_3 16.04 24.151 Genus
Soitoella complicata OTU_58 52.6 19.102 Species
Rhizoctonia solani OTU_900 0.132 0.140 Family
Naganishia albida OTU_21 26.3 54.763 Genus
Chytriomyces hyalinus N/A 0.263 0 Not Found
Rhizophagus irregularis N/A 0.0263 0 Not Found
Mortierella verticillata OTU_427 0.263 0.758 Genus
Rhizomucor miehei OTU_3005 0.132 0.008 Family
Prokaryotic
Fungal
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Table S2.3. Differentially abundant OTUs between cropping systems. 
 
 
 
 
 
 
 
Time Point Bulk Rhizosphere Rhizoplane
Prokaryotic TP1 121 9 53
TP2 125 17 78
TP3 164 4 37
TP4 107 3 19
Fungal TP1 66 8 14
TP2 47 2 8
TP3 62 4 7
TP4 49 4 7
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Table S2.4. Bulk soil chemical properties at each time point. Numbers report means and standard errors (n=9). GWC refers to 
gravimetric water content. 
 
 
 
Table S2.5. Statistical significance of bulk soil properties. Significance was determined via mixed-model ANOVA. Numbers 
represent P-values. GWC refers to gravimetric water content. 
 
 
Cropping 
System Time Point Total C (%) Total N (%)
Ammonium 
(mg/kg)
Nitrate 
(mg/kg)
Phosphorus 
(mg/kg)
Potassium 
(mg/kg) Iron (mg/kg) pH GWC
Conventional TP1 2.5 ± 0.1 0.23 ± 0.03 4.6 ± 0.4 25.7 ± 2.1 30.9 ± 3.3 227.4 ± 17.0 153.6 ± 10.6 6.3 ± 0.1 0.22 ± 0.03
TP2 2.4 ± 0.1 0.24 ± 0.02 52.7 ± 20.9 29.7 ± 6.8 33.7 ± 3.9 242.7 ± 16.8 164.8 ± 13.0 6.5 ± 0.2 0.12 ± 0.004
TP3 2.4 ± 0.1 0.23 ± 0.03 51.3 ± 23.3 38.4 ± 11.6 33.2 ± 4.8 191.9 ±  14.7 163.3 ± 9.5 6.5 ± 0.2 0.19 ± 0.004
TP4 2.5 ± 0.1 0.22 ± 0.03 8.4 ± 2.7 12.7 ± 4.6 31.6 ± 3.6 234.3 ± 22.3 173.9 ± 13.5 6.4 ± 0.1 0.18 ± 0.02
Diversified TP1 2.4 ± 0.1 0.23 ± 0.01 3.2 ± 0.3 14.7 ± 2 39.2 ± 5.6 179.4 ± 12 162.4 ± 11.2 6.9 ± 0.1 0.18 ± 0.005
TP2 2.3 ± 0.1 0.24 ± 0.01 73 ± 54.5 33.4 ± 18.7 44.9 ± 6.6 175.0 ± 12.5 170.7 ± 11.4 6.9 ± 0.1 0.13 ± 0.005
TP3 2.4 ± 0.1 0.23 ± 0.01 17.9 ± 11.1 24 ± 7.7 38.2 ± 4.1 144.0 ± 9.0 169.9 ± 10.2 6.8 ± 0.1 0.21 ± 0.005
TP4 2.4 ± 0.1 0.21 ± 0.01 7.3 ± 1.9 9.8 ± 1.7 35.2 ± 5.1 133.4 ± 6.5 178.0 ± 11.1 6.7 ± 0.1 0.22 ± 0.02
Soil Poperty Cropping System Time point Soil*Timepoint Block
Total C 0.154 0.922 0.976 0.001
Total N 0.308 0.032 0.953 0.109
Ammonium 0.093 < 0.001 0.823 0.871
Nitrate 0.440 < 0.001 0.541 0.952
Phosphorus 0.035 0.633 0.846 0.069
Potassium < 0.001 0.023 0.220 0.122
Iron 0.387 0.393 0.997 0.001
pH 0.033 0.617 0.822 0.018
GWC 0.685 < 0.001 0.015 0.248
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Figure S2.1. α diversity of prokaryotic and fungal communities over maize development in two agricultural systems. A and B) 
Prokaryotic richness and Shannon’s Diversity Index, and C and D) fungal richness and Shannon’s Diversity Index. Points indicate 
means and bars indicate standard error.
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Figure S2.2. Averaged relative abundance of prokaryotic and fungal phyla. A and B) 
Prokaryotic phyla averaged over cropping system and root proximity, and C and D) 
fungal phyla averaged over cropping system and root proximity. Conv. and Div. refer to 
the conventional and diversified systems respectively. 
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Figure S2.3. Differential abundance of fungal OTUs between bulk soils of the 
conventional and diversified cropping systems. Each point represents a unique OTU, 
colored by family (legend not provided due to length). A log2Fold Change of 1.5 
indicates that the taxa was 21.5 times the abundance of the conventional system. 
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CHAPTER 3.      THE RHIZOSPHERE AND SOIL MANAGEMENT, BUT NOT 
ARBUSCULAR MYCORRHIZAE, EFFECT AMMONIA-OXIDIZING 
ARCHAEA AND BACTERIA ABUNDANCES IN TWO AGRICULTURAL SOILS 
Introduction 
Ammonia oxidizers (AO), comprised of bacteria (AOB) and archaea (AOA), play an 
important role in the nitrogen (N) cycle. AO mediate the first step of nitrification, the 
process which converts ammonium (NH4+) into nitrate (NO3-). Nitrification has become a 
key issue in agricultural soils where ammonium and urea fertilizers are often applied in 
excess, or in asynchronous timing, of what crops are able to use (FAO, 2009). The NO3- 
resulting from nitrification is highly labile and easily leached into waterways where it can 
cause hypoxia and ecological damage, such as the growing “dead-zone” of the Gulf of 
Mexico which has grown to be thousands of miles wide (Burkart and James, 1999; 
Carpenter et al., 1998; Di and Cameron, 2002). It is becoming increasingly important to 
better understand the fate of N in our arable soils and to increase nitrogen use efficiency. 
Due to the pivotal role that AO play in nitrification, it is important that we understand 
the factors that shape the growth and activities of these communities. Many studies have 
investigated the abiotic conditions that influence the abundance of AO and their 
metabolic activities; pH, temperature, soil depth, and fertilization history have been 
identified as important drivers of AO population sizes (Di et al., 2010; Nicol et al., 2008; 
Ouyang et al., 2017; Tourna et al., 2008; Wessén et al., 2010). However, there have been 
relatively few investigations of the biotic factors that may drive AO abundance. For 
example, the rhizosphere effect, where root exudation and increased rates of nutrient 
cycling exist near the root, may increase AO abundances (Ai et al., 2013; Dias et al., 
2012; Hussain et al., 2011). However, potentially in contrast, nitrification rates have also 
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been found to be lower along the root surface (Herman et al., 2006). Therefore, biotic 
interactions may play an important, though unclear, role in determining AO abundance 
and activity in soils. There is also limited knowledge about biotic interactions near the 
root between AO and other microorganisms that may affect their growth. 
Arbuscular mycorrhizal fungi (AMF) form symbioses with plant roots in which their 
hyphae extend into soil to acquire nutrients for the plant in exchange for photosynthetic 
carbon, acting as an extension of the root system. It is becoming evident that AMF play a 
more significant role in soil N cycling than previously thought (Veresoglou et al., 2012). 
For instance, AMF can absorb inorganic N from root litter and this nutrient displacement 
can alter the surrounding microbial community (Nuccio et al., 2013). Increased uptake of 
inorganic N by AMF inoculated plants can be significant enough to reduce leaching of 
NH4+ and NO3- from soils (Asghari and Cavagnaro, 2011; Bender et al., 2014; Cavagnaro 
et al., 2015; Corkidi et al., 2011; Köhl and van der Heijden, 2016). Because AO are 
relatively poor competitors for NH4+ compared to other heterotrophic microbes 
(Verhagen and Laanbroek, 1991; Verhagen et al., 1995), it has been hypothesized that 
AMF and AO may compete for the same NH4+ pool, particularly since AMF are thought 
to prefer NH4+ to NO3- when transferring N to plant hosts (Govindarajulu et al., 2005; 
Tanaka and Yano, 2005). Thus, AMF may have an inhibitory effect on AO growth. 
Various studies have investigated this possible competitive interaction between AMF and 
AO, but results have been inconclusive. AMF have been found to increase, decrease, or 
have little impact on AO population sizes or activity (Amora-Lazcano et al., 1998; 
Cavagnaro et al., 2007; Chen et al., 2013; Veresoglou et al., 2011).  
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Despite previous efforts, the inconsistency of results between experiments has made it 
difficult to understand the interactions between AMF and AO, and if there is any 
agricultural application for AMF in reducing nitrification. In this study, our goal was to 
investigate the interactions between AMF and AO in contrasting agricultural systems. We 
hypothesized that AMF would decrease soil AO abundance and that this effect would be 
larger in a diversified (four-year rotation, manure amendments) compared to a 
conventional (two-year rotation, inorganic fertilization) managed soil due to lower NH4+ 
availability and increased AMF community function in the diversified system. An AMF 
deficient (AMF-) genotype of maize (loss of function alleles in the dmi1 gene) was 
compared to an AMF proficient (AMF+) wild-type progenitor. These corn genotypes 
were grown in rhizotrons filled with soil from conventional and diversified managed 
fields. The abundances of AOA and AOB amoA genes (the enzymes responsible for the 
rate limiting step of nitrification) were measured to determine changes in AO abundance 
in both the rhizosphere and bulk soils. Our findings indicate that root proximity and soil 
management, rather than AMF, significantly affected AO population sizes. 
Methods 
Field Site and Soil Collection 
We collected soils from the Iowa State University Marsden Long-Term Cropping 
System Experiment located in Boone County, IA (42°01’ N; 93°47’ W; 333 m above sea 
level) (Davis et al., 2012). The soil varies across the experimental site but mostly 
comprises of Clarion loam (fine-loamy, mixed, superactive, mesic, Typic Hapludolls), 
Nicollet loam (fine-loamy, mixed, superactive, mesic, Aquic Hapludolls), and Webster 
silty clay loam (fine-loamy, mixed, superactive, mesic, Typic Endoaqualls) (Davis et al. 
2012). The site had been used for conventional corn and soybean agriculture before the 
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experiment was established in 2002. We chose two treatments within the Marsden site 
experimental design with which to conduct our experiment: conventional and diversified. 
The two systems are managed to provide the same levels of N, but in different forms. The 
conventional system comprises a two-year rotation (soybean, corn) with inorganic N 
fertilizer and herbicide application comparable to surrounding commercial farms. The 
diversified system comprises a four-year rotation (soybean, corn, oat/alfalfa, alfalfa) that 
receives composted manure and reduced inorganic fertilizer side dresses as needed. 
For this experiment, we collected soil from a single block of the Marsden experiment 
on 5/6/16, directly after corn seeding. At planting, the conventional field had been 
fertilized (UAN-32, 100 lbs/acre) and the diversified field had been fertilized with 
composted manure the previous fall (11/11/15, 7.6 tons/acre). We collected soil from the 
first 0-20 cm at roughly evenly-spaced intervals along the entire length of the plot (83.8 
m x 18.3 m) between the planted rows. The soil was air-dried in the lab for 2-3 days and 
then homogenized through surface-sterilized 8 mm sieves. At this time we removed plant 
debris, worms, and rocks. We stored the homogenized soil in surface sterilized 5-gallon 
buckets at 15°C until set up of the experiment. 
Rhizotrons and Growth Conditions 
We used an AMF deficient maize genotype (loss of function alleles in the dmi1 gene) 
and the AMF proficient progenitor to assess the effects of AMF on soil microbial 
communities. This approach permitted minimal disturbance of the native microbial seed 
bank. Furthermore, with this method we could take advantage of the native AMF 
communities as shaped by soil management rather than inoculating after sterilization to 
establish a non-AMF control. 
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We planted surface-sterilized, pre-germinated maize seeds of both genotypes into 
rhizotrons (7.5 in. x 15.75 in. x 2 in.) filled with either conventional or diversified soil to 
a bulk density of 1.1 g soil/cm3. The rhizotrons were a modified version of those used in 
Jaeger et al. (1999) and consisted of five plastic faces held together by duct tape, with one 
clear face used to observe root growth that was covered by black felt. Our experimental 
design was comprised of two factors, soil management type and AMF genotype, and was 
replicated 5 times per treatment for a total of 20 rhizotrons. At set up, we took 
subsamples of the conventional and diversified soils and sent them to the Iowa State 
University Plant and Soil Analysis Laboratory for initial soil nutrient and property 
measurements using their standard protocols (Eliason et al., 2015). We grew plants under 
fluorescent growth lamps (6400K T5 Hydrofarm Agrobrite) on a 16 hr light, 8 hr dark 
cycle at room temperature (20-23°C). Rhizotron water content was adjusted to 60% water 
holding capacity 3 days per week and we randomized the placement of rhizotrons under 
the growth lamps at each watering. The maize plants grew for a total of 10 weeks to 
allow adequate AMF colonization and hyphal growth in the soil. 
Harvest Protocol 
At harvest, we removed the face of each rhizotron to slide the contents into a large, 
sterilized autoclave tub for sample collection. Pre-sterilized materials were used for every 
step and surface-sterilized gloves were used whenever direct handling of sample material 
was necessary. We cut the plant shoot at the base of the roots and placed the shoots in a 
drying oven to determine plant dry weight and nutrient contents. Roots were gently 
extracted from the soil and then shaken three times into a separate tub to remove non-
rhizosphere soil. We defined the rhizosphere as the soil aggregates that were left clinging 
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to the root at this point. The bulk soil was defined as the soil remaining in the original tub 
that was not removed with the roots.  
To collect rhizosphere soil, we first cut the root in half at the crown. We placed one 
half of the roots into ice-cold DI water and refrigerated it for later AMF root colonization 
quantification. The other half of the root was placed into a 60 ml Falcon tube with 45 ml 
of ice-cold phosphate buffer (0.1 M) solution. We vortexed this slurry for 1 min to 
release soil particles from the root. After removing the root, we then centrifuged the soil 
slurry at 10,000xG at 4°C to pellet the soil. These steps were repeated two additional 
times to remove all visible soil particles from the root surface. The three resulting soil 
pellets were pooled and resuspended in 4 ml ice-cold DI water via vortexing. We pipetted 
the soil slurry into 2 ml centrifuge tubes, centrifuged at 10,000xG for 1 min, and decanted 
the supernatant. The resulting rhizosphere soil pellet was frozen immediately at -20°C 
then later transferred to -80°C. In some cases, root biomass was not sufficient for both 
rhizosphere soil collection and AMF colonization quantification so instead the entire root 
system was used for rhizosphere soil collection and AMF root colonization quantification 
was forgone. This lead to sample sizes of n = 4 for AMF- genotype treatments and n = 5 
for AMF+ genotype treatments. Cleaned roots were dried and weighed. 
Concurrently, we collected bulk soil samples using the following protocol. The soil 
was first homogenized for 2 min and up to 5 g was placed into 2 ml centrifuge tubes. We 
froze these samples immediately at -20°C and later transferred them to a -80°C freezer. 
Lastly, 100 g of bulk soil from each sample were subsampled into Whirl-Pak bags and 
stored at -20°C then later at -80°C for soil property measurements. 
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Bulk soil and plant analyses were conducted by the Iowa State University Soil and 
Plant Analysis Laboratory using their standard protocols (Eliason et al., 2015; Kalra, 
1998). Briefly, shoot N was determined via combustion analysis and shoot P was 
determined via nitric acid microwave digestion. Soil NH4+ and NO3- concentrations were 
determined colorimetrically, phosphorus was measured by Mehlich-3 analysis on an ICP, 
and pH was also measured with an electrode in a soil and water slurry. Shoot N content 
was interpreted in terms of total N in the shoot, and was calculated by multiplying the 
percentage N of the shoot by the total dry weight of the shoot. 
AMF Biomass and Root Colonization 
Soil AMF biomass abundance was determined using the modified PLFA FAME 
protocol of Gutknecht et al. (2012). First, we freeze-dried a portion of each rhizosphere 
or bulk soil sample prior to grinding them using a surface-sterilized mortar and pestle. 
For each sample, up to 1 g dry-weight soil was used for PLFA extractions. Phospholipids 
were extracted from the soil three times using a chloroform-methanol-citrate buffer 
mixture (2:4:1.8 v/v/v), and were then saponified. Strong acid methanolysis (325 ml HCl 
and 50 ml methanol) was then performed to convert phospholipids into fatty acid methyl 
esters. Next, we extracted fatty acid methyl esters from the aqueous to the organic phase 
of the solution using hexane. We used a base wash (300 mM sodium hydroxide solution) 
to remove impurities. Gas chromatography (GC/MS) was used to identify and quantify 
fatty acids from each extraction. We used a Zebron ZB-5 (30 m x 0.32mm x 0.1 um) and 
an Agilenta 7890 gas chromatograph coupled to an Isoprime 100 mass-selective detector 
(Americas, Mt. Laurel, NJ, USA). The C13:0 fatty acid was used as an internal standard 
to quantify individual peaks and the 16:1ω5 signal fatty acid was used to measure AMF 
biomass relative to soil dry weight. This biomarker’s use for AMF quantification is 
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limited, but the controlled nature of this study and the nature of our extraction procedure, 
where phospho and neutral lipids are combined, allow for a qualified use of this fatty acid 
(Ngosong et al., 2012). During the protocol, two samples were lost leading to sample 
sizes of n = 4 for AMF+ and AMF- diversified soil treatments and n = 5 for AMF+ and 
AMF- conventional soil treatments. 
We used a modification of the method developed by Giovenetti and Mosse (1980) to 
quantify the AMF root colonization rate. Each root subsample was washed with DI water 
and cut into 2 cm pieces. We patted roots dry using paper towels prior to transferring 0.75 
g of each sample into biopsy cassettes for clearing and staining. The clearing and staining 
procedure was carried out as follows: submerge roots in 5% KOH at 90°C for 2 hrs, rinse 
six times with DI water, submerge in 1% HCl at room temperature for 1 hr, submerge in 
trypan blue solution (250 ml lactic acid, 250 ml glycerol, 7.5 ml Thermo Scientific 
Hyclone Trypan Blue Solution) at 90°C for 1 hr, and rinse three times with DI water. We 
performed all incubations in a pre-heated water bath. We stored the cleared and stained 
roots in a glycerol solution (1:1:1 solution of lactic acid, glycerol, DI water) at 4°C until 
quantification. Leftover root sample was oven-dried, weighed, and added to the weight of 
the freeze-dried roots to calculate approximate total root dry mass. 
Stained root pieces were examined at 40x magnification using a dissecting microscope 
to visually quantify AMF colonization with the grid-line petri method (Giovannetti and 
Mosse, 1980). We placed stained root segments on a 0.5” grid-line petri dish and counted 
intersections as colonized or uncolonized. At least 100 intersections were counted per 
plate. Each root sample was rearranged and recounted an additional 2 times, generating 
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three counts for each root sample that were then averaged. Percent root colonization was 
derived using the following equation: (colonized intersections/total intersections) x 100. 
DNA Extraction and qPCR 
We used PowerLyzer PowerSoil DNA extraction kits (Mobio, Carlsbad, CA) to 
extract DNA from soil samples using their standard protocol, including bead-beating soils 
with a PowerLyzer (Mobio, Carlsbad, CA) at 2500 rpm for 45 seconds and eluting DNA 
in 50 ul of solution C6. We stored all DNA samples at -80°C. 
Quantitative PCR was used to measure AOA and AOB amoA gene abundance. The 
AOB amoA gene primers were amoA-1F and amoA-2R and the AOA amoA gene 
primers were Arch-amoAF and Arch amoAR (Francis et al., 2005; Rotthauwe et al., 
1997). We used a 1:1:1 mixture of known concentrations of 3 synthesized amoA gene 
DNA (G-blocks, Invitrogen) fragments the same length as our target amplicons, each 
with 0-2 mismatches with the primers. The AOB amoA gBlocks were derived from N. 
Europea, N. briensis, and a terrestrial uncultured clone (GenBank accessions: 
KU747122.1, U76553.1, EF207201.1). The AOA amoA gBlocks were derived from 
candidatus Nitrosphaera sp. and two terrestrial uncultured archeon clones (GenBank 
accessions: FR773159.1, KP984498.1, KF004126.1). We performed all reactions in 20 µl 
volumes containing 10 ng of template DNA, 0.3 µM of each primer, 0.005 mg/µl of BSA 
(for AOB amoA reactions only), 10 ul of PerfeCTa SYBR Green Fastmix Reaction mix 
(QuantaBio, Beverly, MA), and the remaining volume nuclease-free water. Thermocycler 
conditions for both AOA and AOB amoA gene reactions were as follows: an initial 
denaturing step of 95°C for 3 min, and 40 cycles of 95°C for 30 sec, 55°C for 1 min, and 
72°C for 45 sec. All reactions were performed on a Realplex2 Mastercycler (Eppendorf, 
Hauppauge, NY). Each reaction with sample and standard template was performed in 
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triplicate, along with three negative no-template controls. Standard curves were generated 
with linear dilutions of the AOB or AOA gBlock mixtures. Product specificity was 
confirmed by melting curve analysis and select samples were verified via gel 
electrophoresis. 
Statistical Analyses 
All statistical analyses were performed in R version 3.3. For AMF biomass, root 
colonization, and amoA gene abundance data, main effects and interactions of AMF 
status, soil management, and root proximity were determined via multi-way ANOVA. 
The main-effects and interactions of AMF status and soil management on soil property 
data were determined via two-way ANOVA. For soil P concentrations at the end of the 
experiment, Kruskal-Wallis tests were instead applied to explore main effects due to high 
heterogeneity of variability of the data. Post-hoc tests were determined via Tukey’s HSD 
when all comparisons were of interest or with pair-wise T-tests with a Bonferroni 
adjustment when only specific comparisons were of interest. Statistical comparisons 
between before and after-experiment soil property data were determined via Student’s or 
Welch’s T-tests as deemed appropriate after examining the data’s normality and 
heterogeneity of variability. Log transformations were applied to the data as necessary to 
improve normality and heterogeneity of variance. For PLFA data, an inverse hyberbolic 
sin transformation was applied. Normality and heterogeneity of the data were evaluated 
using Shapiro-Wilk and Levene’s tests respectively as well as visual examination. 
 
 
 
 
53 
 
Results 
Mycorrhizal Abundance, Colonization, and Plant Nutrition 
The AMF 16:1ω5 fatty acid marker abundance was significantly reduced in the AMF- 
treatments compared to the AMF+ treatments (P < 0.0001). However, soil management 
and rhizosphere effect, along with all interactions, had no significant impacts (Figure 
3.1). Likewise, AMF root colonization was significantly greater in AMF+ plant roots 
compared to AMF- plant roots (P < 0.0001) but did not differ significantly between soil 
management types (Table 3.1).  
Plant genotype significantly affected plant growth (Table 3.1). AMF+ plant shoots had 
significantly greater dry-weight (P < 0.0001) compared to AMF- plant shoots. Soil 
management significantly influenced shoot biomass, with greater biomass in AMF+ 
plants grown in conventional soil compared to AMF+ plants grown in diversified soil (P 
< 0.05). Root dry-weight followed similar trends; the AMF+ plants had significantly 
greater root biomass than the AMF- plants (P < 0.001 both), although no differences were 
found between plants grown in soil from different management regimes. 
There were significant effects of plant genotype and soil management on shoot N 
content (P < 0.001 and P < 0.05 respectively) (Table 3.1). Shoot total N was greater in 
AMF+ plants compared to AMF- plants grown in conventional soil (P < 0.001). 
However, AMF+ and AMF- plants grown in the diversified soil did not significantly 
differ in shoot total N content. Additionally, AMF+ plants grown in conventional soil had 
significantly greater shoot total N compared to AMF+ plants grown in diversified soil. 
Shoot P concentration followed different trends (Table 3.1). There was a significant 
effect of genotype but not soil management on shoot P concentration (P < 0.001 and P < 
0.05 respectively). Shoot P concentration was significantly higher in the AMF+ plants 
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compared to the AMF- plants grown in conventional soil (P < 0.01), but the same was not 
true for plants grown in diversified soil. Plants grown in differing soil management types 
did not have significantly different shoot P concentrations regardless of plant genotype. 
Soil Properties Before and After 
Immediately before planting the rhizotrons the conventional and diversified soils had 
equivalent total N, NO3-, P, and pH levels (P > 0.05) (Table 3.2, Figure 3.2). Soil NH4+ 
was the only variable with significantly higher concentrations in the conventional soil 
compared to the diversified soil (P < 0.05). After the experiment was completed soil 
NH4+, NO3-, P, and pH showed different responses to AMF treatment and soil 
management (Table 3.2, Figure 3.2). Soil NH4+ was significantly, though only slightly, 
greater in AMF+ and AMF- planted treatments independent of soil management (P < 
0.01 both). The opposite was true for soil NO3- concentration, which was significantly 
decreased in the AMF+ planted soils compared to the AMF- planted soils for both soil 
management types (P < 0.0001 both). Additionally, the AMF- planted treatment 
contained higher NO3- concentrations than the AMF- planted treatment in conventional 
compared to diversified soils (P < 0.05). Soil P showed a significant main effect of AMF 
status (P < 0.05) and was greater in the AMF- planted soil compared to the AMF+ 
planted soil regardless of soil management. Soil pH was significantly higher in the 
AMF+ planted conventional soil compared to all other treatments (P < 0.05). Total N in 
the soil did not differ significantly due to any treatments. 
We also compared “before” and “after” soil property data (Table 3.2, Figure 3.2) in 
order to determine how soil properties changed over the course of the experiment. 
Inorganic NH4+ concentrations were much lower at the end compared to the beginning of 
the experiment in all treatments (P < 0.01). Soil inorganic NO3- concentrations were 
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much greater at the end of the experiment compared to the beginning in the AMF- 
planted soils (P < 0.001 both) but did not change significantly from beginning to the end 
of the experiment in the AMF+ planted soils. Soil total N did not change significantly 
from the start to the end of the experiment except for in the case of the AMF- 
conventional soil, where it appears to have increased slightly (P < 0. 05). Soil P 
significantly increased at the end of the experiment compared to the beginning in the 
AMF- conventional soil, but no other treatments experienced a significant shift in P 
concentration over the course of the experiment. Soil pH did not change over the course 
of the experiment in either soil systems or in response to AMF. 
Archaeal and Bacterial amoA Gene Abundances 
We observed no changes in AOB or AOA amoA gene abundance in response to AMF 
treatment, but instead observed differences based on soil management type or root 
proximity (Figure 3.3). AOA amoA gene abundances were significantly greater within 
rhizosphere soil compared to bulk soil regardless of AMF or soil treatment (P < 0.0001). 
Specifically, AOA amoA abundance was significantly greater in the rhizosphere 
compared to the bulk soil of all but the AMF+ conventional soil treatment. AOB amoA 
abundance, alternatively, was significantly greater in the conventional soil compared to 
the diversified soil regardless of AMF treatment or root proximity independent of plant 
AMF status (P < 0.05 both). 
Discussion 
Due to ecological damage caused by nitrate leaching in agricultural soils, 
understanding the ecology of AO and what variables control their growth and metabolism 
has become increasingly relevant. In the current study, we used AMF proficient and 
deficient maize genotypes to investigate biotic interactions between AMF and AO in 
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agricultural soils. Contrary to our hypothesis, AMF had no impact on AOA or AOB 
population abundances in either soil management type. Rather, AOA and AOB 
population sizes responded to proximity to the root or management history respectively. 
Our data do not support our hypothesis that AMF decreased NH4+ availability to AO in 
agricultural soils. Instead, NH4+ concentration in the AMF+ planted soils slightly 
increased. This finding supports a previous observation that AMF can enhance 
ammonification to meet plant demand (Atul-Nayyar et al., 2009).  
In the AMF- planted soils, inorganic NO3- concentration increased over the course of 
the 10-week experiment, indicating that nitrification occurred. In contrast, in the soils 
planted with the AMF+ genotype, the NO3- concentrations remained low over the course 
of the experiment. Although pool size measurements cannot capture the full dynamics of 
inorganic N cycling in soils, the evidence at hand suggests two possible explanations for 
this finding: 1) AMF+ plants suppressed nitrification or 2) AMF+ plants had a superior 
ability to capture soil NO3- compared to AMF- plants. The second scenario is more likely 
given that neither AOA nor AOB population sizes, which have been closely correlated to 
nitrification rates in soils (Wessén and Hallin, 2011), were altered due to AMF. It is 
likely that AMF increased NO3- removal from the soil either by direct uptake through 
hyphae or indirectly by increasing plant root biomass and hence absorptive capacity. 
AMF greatly increased plant shoot and root biomass in this experiment, indicating an 
indirect mechanism of inorganic NO3- absorption. Of course, possible pleiotropic effects 
of knocking out the dmi1 gene that may have contributed to the differences in root 
biomass must also be noted, though the effects of this gene on plant growth have not been 
thoroughly investigated. It is also possible that AMF decreased NO3- pool sizes via direct 
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absorption by hyphae. Though it has been shown in controlled conditions that AMF 
prefer to transfer NH4+ to the plant (Govindarajulu et al., 2005; Tanaka and Yano, 2005), 
it has also been reported that AMF can reduce the concentration of  NO3- in soils 
disproportional to the correlated increase in plant root biomass, indicating direct uptake 
by fungal hyphae (Asghari and Cavagnaro, 2011). 
Taken together, these data indicate that AMF in agricultural soils may have a greater 
impact on soil NO3- rather than NH4+ availability. In an agricultural soil, where rapid 
nitrification can occur, AMF and maize alike may shift preference from more easily 
metabolized NH4+ to NO3-, which is known as a preferred inorganic N source for higher 
plants when NH4+ is not readily available (Haynes, 1986; Taylor and Bloom, 1998). 
Because AO rely on inorganic NH4+ to fuel their metabolism, but AMF appear to have 
directly or indirectly reduced NO3-  rather than NH4+ availability, AO population sizes 
were unaffected (Figure 3.4). Additionally, NO3- removal, rather than nitrification 
inhibition, may be an explanation for decreased rates of NO3- leaching from AMF 
colonized soils observed in various studies (Asghari and Cavagnaro, 2011; Cavagnaro et 
al., 2011; Corkidi et al., 2011; Köhl and van der Heijden, 2016).  
These findings support those of Cavagnaro et al. (2007) who used a similar tomato 
AMF deficient/proficient experimental design in a field study of an organically managed 
agricultural soil and found no impact of AMF on AOB population sizes. However, other 
experiments that investigated AMF and AO interactions in non-agricultural soils have 
yielded differing results, either an increase or decrease in AO abundance or activity 
(Amora-Lazcano et al., 1998; Chen et al., 2013; Veresoglou et al., 2011). In light of 
evidence from these other studies, this suggests that the N-rich nature of agriculturally 
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managed soils decreases the influence of AMF on NH4+ availability and thus ability to 
impact AO population sizes, possibly by shifting preference toward NO3- absorption 
under conditions that favor nitrification. N fertilization can also decrease AMF 
community diversity and growth, which could also decrease the impact of AMF on NH4+ 
absorption (Bradley et al., 2006; Brito et al., 2012; Oehl et al., 2003). Future studies 
should develop a more mechanistic understanding of how AMF influence soil N 
availability across many soil types, various agricultural fertilization regimes, and within 
various specific AMF genera or species to see how these factors interact. 
Rather than responding to the presence or absence of AMF, AOA abundances were 
instead altered by root proximity while AOB population sizes were influenced by soil 
management. The AOA population size was greater in the rhizosphere soil compared to 
the bulk soil, independent of AMF status or soil management. It has been documented 
that AOA are not solely reliant on nitrification as an energy source and may be capable of 
mixotophic growth on organic substrates (Jia and Conrad, 2009; Prosser and Nicol, 2008; 
Wessén et al., 2010). Several studies have reported increased AOA population sizes 
within the plant rhizosphere, but mechanisms for this trend remain unknown (Ai et al., 
2013; Chen et al., 2008; Herrmann et al., 2008; Hussain et al., 2011). Based on these 
findings, it is possible that AOA populations increased within the maize rhizosphere by 
growing mixotrophically on root exudates, rather than based on the availability of NH4+. 
In contrast, the AOB population size was greater in the conventional soil than in the 
diversified soil irrespective of plant AMF status or proximity to the root. This result is 
consistent with many studies that report AOB population sizes increase when soils are 
inorganically fertilized (Giguere et al., 2015; Ouyang et al., 2016; Sterngren et al., 2015; 
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Ying et al., 2017). The impact of AMF on the soil environment was not sufficient to 
overcome the larger influence of fertilization on AOB population sizes. Although NH4+ 
availability decreased over the course of the experiment and was similar in both soils by 
the end, it is likely that legacy effects maintained a higher AOB population in the 
conventional soil due to the higher NH4+ availability at the beginning of the experiment. 
AO are known to be slow growers and thus population sizes can take much longer to 
react to environmental changes compared to other prokaryotes (Sharma and Ahlert, 
1977). Unlike AOA, proximity to the root did not influence AOB population sizes. 
However, the effect of the rhizosphere on AOB abundance is unclear; in many studies 
AOB population sizes have been reported to increase in the rhizosphere compared to bulk 
soil (Ai et al., 2013; Dias et al., 2012; Glaser et al., 2010; Hussain et al., 2011), while in 
others AOB abundances are unchanged (Chen et al., 2008; Herman et al., 2006; Rudisill 
et al., 2016), as was observed in this study. More research is necessary to understand the 
impact of roots on AO population sizes and activities.  
Overall, these results indicate differing ecological niches for AOB and AOA within 
agricultural soils. Heterotrophic growth may be a driving force of AOA growth in 
agricultural systems rather than fertilization, while inorganic fertilization is a greater 
driver of AOB population sizes instead. This interpretation is supported  by many studies 
that find ammonium application has large effects on AOB but not AOA population sizes 
and activities (Ai et al., 2013; Di et al., 2010; Glaser et al., 2010; Jia and Conrad, 2009; 
Ouyang et al., 2017, 2016; Sterngren et al., 2015; Wu et al., 2011; B. Zhang et al., 2012).  
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Conclusions 
In conclusion, in two contrasting agricultural systems, AMF growth in soil 
microcosms did not affect AO population sizes. Rather, the rhizosphere, possibly via 
growth on root exudates, increased AOA abundance irrespective of soil management, and 
an inorganically fertilized management system increased AOB population sizes. Rather 
than reduce NH4+ availability in the soil as hypothesized, AMF slightly increased NH4+ 
pool sizes and greatly decreased NO3- concentration in the soil. We propose that, in N-
rich soils where nitrification can occur rapidly, AMF may instead aid the plant in 
increased NO3- uptake via greater root biomass and that the influence of AMF on AO 
population sizes in agricultural soils is therefore limited. Other factors, such as the 
rhizosphere effect and fertilization instead have a greater impact on AO in agricultural 
soils. Future work investigating interactions between AMF and AO should aim to 
compare soils managed with differing levels of N fertilization. This would allow us to 
further delineate the conditions under which AMF may alter AO abundance and 
activities, and identify targets for agricultural or land-management practices that make 
the best use of the ecosystem services AMF can provide. 
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Table 3.1. AMF colonization and plant properties. AMF- refers to the mycorrhizae-deficient mutant genotype and AMF+ refers to the 
mycorrhizae proficient genotype. Numbers represent treatment means and letters differentiate significance at P < 0.05 as determined 
by Tukey’s HSD for plant properties or two-way ANOVA for AMF colonization. 
 
 
 
Table 3.2. Soil properties before and after the experiment. AMF- refers to the mycorrhizae-deficient mutant genotype and AMF+ 
refers to the mycorrhizae proficient genotype. Numbers represent treatment means and letters differentiate significance within 
Before/After categories at P < 0.05 as determined by Tukey’s HSD. Asterisks indicate significance between before and after values 
within the same soil management type at P < 0.05 according to appropriate T-tests. † Kruskal-Wallis tests were instead used to test 
main effects due to high heterogeneity of variability. 
 
AMF Colonization
Mycorrhization Soil Management (%) Shoot (g) Root (g) Total N (g) P (mg kg-1)
AMF- Conventional 28.25a 2.14a 0.30a 0.049a 1190a
AMF- Diversified 22.66a 3.00a 0.37a 0.052a 719b
AMF+ Conventional 52.83b 15.66b 1.35b 0.170b 1626a
AMF+ Diversified 51.79b 9.34c 0.89b 0.105a 1662a
Treatment Dry Weight Shoot Nutrients
Mycorrhization Soil Management Total N (%) Ammonium (mg/kg) Nitrate (mg/kg) Phosphorus (mg/kg)† pH
Before N/A Conventional 0.23a 35.67a 1.53a 21.67a 6.58a
N/A Diversified 0.23a 18.00b 1.53a 25.67a 6.49a
After AMF- Conventional 0.25a* 2.44a*** 37.24a*** 27.20a* 6.59a
AMF- Diversified 0.23a 2.34a*** 17.92b*** 36.20a 6.43a
AMF+ Conventional 0.24a 3.30b*** 1.56c 22.40b 6.91b
AMF+ Diversified 0.24a 3.18b*** 1.20c 34.00b 6.59a
Treatment
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Figure 3.1. AMF biomass as determined by PLFA FAME. AMF- refers to the 
mycorrhizae-deficient mutant genotype and AMF+ refers to the mycorrhizae proficient 
genotype. Conv. and Div. refer to conventional and diversified managed soils. Bars with 
different letters indicate significant difference at P < 0.05 of pooled treatments as 
determined by multi-way ANOVA on inverse-hyperbolic sin transformed data. 
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Figure 3.2. Side-by-side comparison of bulk soil ammonium and nitrate concentrations 
immediately before set up of the experiment and immediately after harvest. 
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Figure 3.3. Ammonia oxidizer abundance in bulk and rhizosphere soils as determined by 
qPCR of the amoA gene. A) AOA amoA gene abundance and B) AOB amoA gene 
abundance. AMF- and AMF+ refer to rhizotrons planted with the AMF deficient and 
AMF proficient maize genotypes respectively. Conv. and Div. refer to conventional and 
diversified soils. Lines over bars in plot A indicate significance between rhizosphere and 
bulk soil of that treatment. In plot B, lines with a star connecting groups of treatments 
denote significance between bulk and rhizosphere soil. Significance was determined via 
paired T-tests with Bonferroni P-adjustment. 
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Figure 3.4. Theoretical model of AMF interactions with AO in N rich soils. AMF- and 
AMF+ refer to AMF deficient and proficient maize genotypes respectively. A) Similar 
uptake of ammonium from soil by AMF- and AMF+ plants, B) Increased uptake of 
nitrate by AMF+ plants due to either increased root biomass or direct absorption by AMF 
hyphae, C) Similar availability of ammonium to AO in soils planted with AMF- and 
AMF+ genotypes, and thus no significant differences in AO population sizes. 
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CHAPTER 4.      SUMMARY AND CONCLUSIONS 
Sustainable food production is a matter of increasing importance, and improving 
nitrogen use efficiency is a key component of agricultural sustainability. Due to their 
roles in nutrient mineralization and plant-growth promotion, soil microbes are a potential 
mechanism for achieving better nitrogen use efficiency. The overall goal of this thesis 
was to develop a better understanding of root-associated microbes and their potential role 
in N retention in agricultural soils. The second chapter explored the interaction between 
maize roots, agricultural management, and root-associated microbial communities to gain 
a better understanding of the temporal and spatial dynamics of the root-associated 
microbial communities, and its implications for N cycling in soils. Our results showed 
that root-associated prokaryotic communities diverge most between cropping systems at a 
period of high maize N demand, and that there are higher abundances of complex organic 
matter decomposing families in the diversified system, possibly indicating that root-
microbe coupling to degrade manure inputs in this system is a mechanism by which N is 
better retained. On the other hand, fungal root-associated communities between cropping 
systems were most different at the first time point and converged in similarity thereafter, 
indicating that the fungal seedbank as shaped by agricultural management determined the 
first-colonizers of the root, and then the different communities converged as the plants 
developed. Furthermore, these trends were mostly detectable in the rhizoplane 
communities, indicating that root-microbe interactions occur at a much more intimate 
scale than previously considered. 
In the third chapter, the effects of arbuscular mycorrhizae on the population sizes of 
ammonia-oxidizing bacteria and archaea were investigated in the conventional and 
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diversified managed soil from the Marsden site. Overall, arbuscular mycorrhizal fungi 
had no effect on ammonia oxidizer population sizes. However, ammonia-oxidizing 
archaea were more abundant within the rhizosphere, while ammonia-oxidizing bacteria 
were more abundant in the conventional compared to the diversified cropping system 
soil. Rather than decrease the pool size of ammonium in the soil, which ammonia 
oxidizers use for their metabolism, arbuscular mycorrhizae instead indirectly or directly 
decreased the pool size of nitrate. This suggests that in N-rich soils, such as these tested, 
arbuscular mycorrhizae have a greater impact on nitrate pool sizes compared to 
ammonium pool sizes. This would mean the competitive interaction between ammonia 
oxidizers and arbuscular mycorrhizae is limited. Overall, both of these studies provide 
better insight into the complex interactions between soil, plants, and microbes that affect 
soil N cycling, and how their combined functions can be incorporated into agricultural 
management for a more sustainable future. 
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APPENDIX A: AMMONIA OXIDIER POPULATION SIZES AND 
CUMULATIVE AMMONIUM AND NITRATE MEASUREMENTS 
Background 
     Ammonia oxidizers are an ecologically important group of bacteria and archaea (AOB 
and AOA) which perform the rate limiting step of nitrification, the conversion of 
ammonium to nitrate. Nitrification is a major source of nitrate leaching in agricultural 
systems, so we are interested in understanding the environmental and biotic factors that 
control the population size and activities of AOB and AOB in soils. Studies have shown 
that plant roots can alter the population sizes and activities of AOA and AOB (Ai et al., 
2013; Dias et al., 2012; Hussain et al., 2011; Herman et al. 2006), but few studies have 
investigated how the rhizosphere may affect ammonia oxidizers differently based on 
agricultural management. Here, we investigated changes in AOB and AOA abundances 
in the bulk and rhizosphere soils of two contrasting agricultural systems over the course 
of maize development. 
Methods 
     Bulk soil and rhizosphere soil were collected at four points in maize development as 
described in Chapter 2 from the Marsden field site. SYBR Green qPCR was conducted to 
assess AOB and AOA community sizes as described in Chapter 3. PRS Probes (Western 
Ag Innovations, Saskatoon CA) were buried one week prior to sampling between rows 
and one inch from the corn stalk (bulk and rhizosphere respectively) to assess ammonium 
and nitrate accumulation. Probes were collected at sampling, rinsed, and sent to Western 
Ag Innovations for ion extraction and measurement 
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Figure A1. Ammonia oxidizer abundance in field bulk and rhizosphere soil as quantified 
by qPCR. A) Ammonia-oxidizing archaea gene abundance and B) ammonia-oxidizing 
bacteria gene abundance. 
  
86 
 
 
 
 
Figure A2. Accumulation of ammonium and nitrate over a one-week burial period as 
measured by PRS cation and anion probes. A) Ammonium accumulation and B) nitrate 
accumulation.  
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APPENDIX B: EFFECTS OF ARBUSCULAR MYCCORHIZAE ON 
PROKARYOTIC AND FUNGAL COMMUNITY COMPOSITION 
Background 
     Recent studies have found that AMF can alter the prokaryotic community structure of 
soils (Lioussane et al., 2010; Marschner and Baumann, 2003; Nuccio et al., 2013; Rillig 
et al., 2006). However, no studies have investigated how AMF in agricultural soils alter 
surrounding microbial communities. Furthermore, effects on the overall fungal 
communities have been overlooked in these studies. Here, we sequenced the rhizosphere 
and bulk soil prokaryotic and fungal communities of AMF deficient (knock-out of the 
dmi1 gene) and AMF proficient (wild type progenitor) maize genotypes to investigate the 
impact of AMF on soil communities in differing agroecosystems. 
Methods 
     AMF deficient (AMF-) and AMF proficient (AMF+) maize seeds were surface 
sterilized, pre-germinated, and planted into rhizotrons (Jaeger et al., 1999) packed with 
conventional and diversified soil collected from the Marsden field site on 5/6/16. Plants 
were grown and soils were harvested as described in Chapter 3. DNA was extracted, 
sequencing conducted, and data quality filtering and preprocessing was conducted as 
described in Chapter 2. Principle Coordinate Analysis (PCoA) ordinations were 
constructed to visualize differences in β diversity and permutational analysis of variance 
(PERMANOVA) with 9999 permutations was used to assess significant differences in β 
diversity between treatments using the ‘vegan’ and ‘phyloseq’ R packages in R (version 
3.3) (Oksanen et al., 2017; McMurdie and Holmes, 2013). 
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Table B1. Permutational analysis of variance of β diversity. Results are based on 9999 
permutations. 
 
 
 
 
Figure B1. Principle coordinates analysis ordinations of Bray-Curtis dissimilarity. AMF- 
refers to the AMF deficient maize genotype while AMF+ refers to AMF proficient maize 
genotype. 
R2 P-value R2 P-value
Cropping system 0.055 0.0010 0.052 0.0002
Root proximity 0.622 0.0001 0.615 0.0001
Genotype 0.031 0.0001 0.024 0.0032
Cropping system * Root proximity 0.033 0.0040 0.046 0.0003
Cropping system * Genotype 0.006 0.2270 0.005 0.2742
Genotype * Root proximity 0.041 0.0009 0.032 0.0059
Cropping System * Root proximity * Genotype 0.008 0.4420 0.005 0.8114
Treatment Effect
Prokaryotic Fungal
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Table B2. Additional Soil Properties Before and After Experiment. These values show 
additional measurements that were taken for the experiment described in chapter 2 that 
were not discussed in the main body. Potassium and iron measurements were taken via 
Mehlich-3 analysis and Total Carbon (C) was measured via combustion. GWC means 
gravimetric water content and was measured by oven drying the soil after the experiment. 
Numbers represent means and standard error (n=5). 
 
 
 
 
Table B3. Statistics of Additional Soil Properties. These numbers represent P-values as 
determined by two-way ANOVA. 
 
 
Mycorrhization Soil Management Potassium (mg/kg) Iron (mg/kg) Total C (%) GWC 
Before N/A Conventional 202.3 ± 7.9 102 ± 8.1 2.5 ± 0.04 N/A
N/A Diversified 136.7 ± 10.7 123.3 ± 2.8 2.4 ± 0.07 N/A
After AMF- Conventional 222.6 ± 5.4 119.4 ± 6.5 2.4 ± 0.02 0.19 ± 0.01
AMF- Diversified 164.8 ± 4.8 156.2 ± 3.3 2.3 ± 0.06 0.17 ± 0.01
AMF+ Conventional 179.4 ± 3.3 129 ± 3.6 2.4 ± 0.05 0.15 ± 0.01
AMF+ Diversified 143.8 ± 5.3 152 ± 2.7 2.4 ± 0.04 0.16 ± 0.01
Treatment
Main Effect Potassium Iron Total C GWC
Before
Soil Management 0.008 0.105 0.924 N/A
After
Soil Management < 0.001 < 0.001 0.259 0.939
Mycorrhization < 0.001 0.535 0.622 0.018
Interaction 0.033 0.125 0.742 0.134
